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The accumulation of dental plaque on the borderline of tooth and gingiva 
can lead to a series of transformations in the gingival tissues. Gingivi-
tis, a mild inflammation of the gingiva, is commonly observed when dental 
plaque accumulates. The plaque microflora may also cause periodontitis 
resulting in loss of attachment of the periodontal ligament resulting in 
the formation of a pocket between tooth and gum (Müller-Glauser & Schroeder 
1982). Progressive periodontitis characterized by extensive loss of alveo-
lar bone will eventually lead to loss of the tooth. Periodontitis may have 
severe complications as periodontally diseased sites can act as significant 
reservoirs of bacteria capable of infecting other body sites (Moore et al. 
1982). 
As a rule, periodontal pockets are populated by a complex microbiota. Op 
till now, over 325 bacterial species have been isolated from these anaero-
bic microenvironments (Moore 1987). The variability and complexity of the 
subgingival microbiota have seriously hampered understanding of the etio-
logy of periodontal disease. It is now generally recognized that there are 
different types of periodontal disease and many bacterial species associa-
ted with disease. Spirochetes, already noticed by Antonie van leeuwenhoek 
in 1683, black-pigmented Bacteroides spp., Fusobacterium spp., Actinobacil-
lus actinomycetemcomitans, and recently, Wolinella recta, Eubacterium and 
Peptostreptococcus spp., etc. have been named as putative pathogens. 
Questions, whether each of these species must be considered a causative 
agent or result from inflammation, have not yet been satisfactorily 
answered. These questions and controversies were recently extensively 
reviewed by other authors (Moore 1987; Socransky et al. 1987; 1988; Thei-
lade 1986). 
Studies of the microbial ecology of dental plaque may provide explanati-
ons why particular organisms can be isolated from gingival pockets and 
accordingly may lead to comprehension of the (clinical) issues. Aim of the 
present studies was to identify ecological factors that control prolifera-
tion of opportunistic pathogenic species in the subgingival microflora. 
Several studies (Moore 1983; Hill et al. 1987, Murdoch et al. 1988) indi-
cate similarities between predominant organisms isolated from periodontitis 
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and other mixed anaerobic infections. Examples are Peptostreptococcus 
micros and asaccharolytic eubacteria such as Eubacterium brachy and Eubac-
terium nodatum. These similarities suggest that these infections have an 
ecological determinant in common. This shared ecological factor may be the 
availability of serum components to the residing microflora. 
ECOLOGICAL DETERMINANTS OF DENTAL PLAQUE 
The composition of dental plaque is governed by a multitude of different 
factors. Fig.l summarizes various determinants of subgingival plaque. The 
scheme is a modification of that presented by Van der Hoeven {1985). The 
microbial composition of subgingival plaque is highly complex and shows 
considerable variations which is not surprising as the selection pressure 
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Fig. 1: Ecological determinants of subgingival plaque 
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Microbial growth in most natural ecosystems is determined by the availa-
bility of essential nutrients. Competition for nutrients (substrates) is a 
primary ecological determinant in dictating the composition of subgingival 
plaque. There is considerable evidence now that growth of oral autochtho-
nous species depends on host-derived substrates like saliva and serum-like 
gingival exudate (Beckers & van der Hoeven 1982; Beighton S Hayday 1986; De 
Jong & van der Hoeven 1987; this dissertation). Our hypothesis was that 
exudate from gingival tissues is the primary substrate of subgingival 
plaque. Saliva is not assumed to be a major substrate as it will be diffi-
cult for saliva to enter the pockets. A barrier to saliva or other nutri-
ents like host-diet components is created by the narrowness of the gingival 
crevice, the continuous outflow of gingival fluid (Cimasoni 1983) plus 
'sealing' by multilayers of bacteria. 
In Fig. 1 determinants thought to be of secondary importance are put in 
between brackets. Some potentially interesting factors of the composition 
of subgingival plaque like oxygen, cellular inmune defence, non-specific 
defence and desquamation of epithelial cells are beyond the scope of this 
thesis. For example, the absence of oxygen in our model system will exclude 
microaerophilic organisms such as Actinobacillus actinomycetemcoroitans or 
Wol i nella recta (Moore 1987; Ohta S Gottschal 1988). 
ENRICHMENT CULTURES OF SUBGINGIVAL PLAQUE IN HUMAN SERUM 
Over 325 different bacterial species (Moore 1987) and numerous ecological 
determinants will make it daunting to answer questions why particular 
species establish and compete successfully in gingival pockets. Brock 
(1966) nicely described this predicament in Principles of Microbial Eco-
logy: "ecology is physiology carried into the actual habitat; ecology is 
physiology under the worst possible conditions". Enrichment strategies have 
been extremely useful in microbial ecology. The enrichment culture techni-
que was introduced by Beijerinck (1901) in order to identify the role of 
specific organisms and factors for the ecosystem (Harder & Dijkhuizen 
1982). In this method, a medium and a set of incubation conditions are used 
that are selective for the desired organisms, and that are inhibitory, or 
counterselective for undesired species. The choice of an appropriate inocu-
lum is a further prerequisit of a successful enrichment. The words "Every-
thing is everywhere, the environment selects.", do make sense, but do not 
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imply that the organism sought will be automatically present in every 
possible microbial sample. It is essential to go for the appropriate 
habitat, in our case, the gingival pocket. A primary ecological factor of 
the subgingival microflora was assumed to be the gingival exudate. Gingival 
exudate, however, is produced in small amounts and is virtually unavailable 
for experiments. Testing this ecological factor on subgingival plaque, 
accordingly required a substitute substrate and an appropriate set of 
incubation conditions. These choices of inoculum, human serum as a substi-
tute and further growth conditions will be discussed in the next sections. 
Subgingival plaque as inoculum 
Obtaining the inoculum from an appropriate habitat is essential to a 
successful enrichment. The habitat of our interest is the gingival pocket. 
Accordingly, subgingival plaque samples have to be used as inocula. In 
these samples all organisms sought are potentially present and they are 
adapted to the natural habitat of interest. It is important to use fresh 
samples in order to avoid unnecessary selection steps prior to the enrich-
ment like freeze-storing or precultivation on artificial media. 
It may be called a disadvantage that plaque samples were not extensively 
characterized making knowledge how the enrichment affected the initial 
microbial composition unfeasible. However, our aim was to find out which 
organisms benefit from the selection pressure and become dominant. Invest-
ment of time in 'winners' is clearly more profitable than a thorough cha-
racterization of plaque samples. 
Human serum as substrate and substitute medium of gingival exudate 
Gingival exudate was not available for experiments as the natural produc-
tion in the oral cavity is only approximately 0.5-2.4 mL fluid per day as 
calculated from serum protein levels in saliva (Challacombe 1980). However, 
human serum can serve as a substitute in the enrichment cultures as it 
shows a close resemblance to gingival exudate (Bickel & Cimasom' 1986). 
Human serum is considered to be a rich medium. It contains a variety of 
(glyco)proteins and is relatively poor in carbohydrate compared to protein. 
Table 1 gives the concentration of various major serum (glyco)proteins (Ho-
rowitz 1977). In addition, it presents the carbohydrate percentage of the 
glycoproteins. For extensive microbial growth in human serum, degradation 
of (glyco)proteins being the major class of substrates is required. This 
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Table 1 Concentration, carbohydrate content (%) and molecular weight (MW) 
of candidate substrates, the (glyco)proteins, in human serum and 






















































1) Human serum contains also free carbohydrate (glucose 0.6-1.1 g.L" ). 
demand may provide a barrier to individual species as glycoproteins are 
complex macromolecules which degradation requires a whole battery of glyco-
sidase and protease activities. Fig. 2 shows a complex carbohydrate side-
chain as found in transferrin. Complete degradation of this side-chain will 
only proceed when a complementing set of glycosidases is present in indivi-
dual species or consortia. 
•Table 1 also mentions some properties of glycoproteins that are of inter-
est to bacteria. Human serum has long been stigmatized as bactericidal. 
Most studies focus on how bacterial proteases knock out host-defence (Sund-
qvist et al. 1985; Kilian et al. 1988), eliminate protease inhibitors or 
iron-transport proteins (Carlsson et al. 1984, Musson et al. 1985). 
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A different function of these proteases may be "chewing" of the glyco-








Fig. 2 The structure of the asparagine-linked carbohydrate side-chain of 
serum transferrin. 
Incubation conditions 
The last prerequisit for an enrichment is the choice of growth conditions. 
Subgingival pockets are anaerobic environments (Loesche et al 1983). Oxygen 
will be rapidly consumed by aerobic and facultative anaerobic microorga-
nisms in the layers bordering the aerobic environment. Down in pockets 
conditions exist which even allow the growth of extremely oxygen sensitive 
organisms like methanogens (Belay et al. 1988). The periodontal microflora 
mainly consists of strict anaerobes (Moore 1987). Therefore, it was decided 
to carry out the enrichments under anaerobic conditions. Yet, oxygen gra-
dients are considered of ecological importance but study of their effect 
was beyond the scope of this dissertation. 
Two types of enrichment culture techniques were used. In the first type 
selection consists of a series of sequential batch cultures on human serum. 
The first step of this enrichment culture was inoculated with a sample of 
subgingival plaque. Initial conditions are defined, but no further input of 
growth substrates or removal of metabolic products or cells takes place. 
After inoculation, the metabolic activity of the enriched organisms will 
constantly change the environmental conditions in the system, and hence the 
selection pressure. Substrate concentrations are not limiting as the en-
richment has to be continued for a length of time enabling the selection to 
take place. Batch-wise enrichment of subgingival plaque on human serum 
selects for (consortia of) microorganisms with a high growth-rate and 
adapted to growth at non-limiting concentrations of gingival exudate 
components. 
The second type of enrichment was the continuous culture on human serum. 
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The major advantages of an open system are: the continuous supply of fresh 
medium and simultaneous removal of culture fluid result in stabilization 
and control of conditions during enrichment. Employing low dilution rates 
even allows selection of slow growing organisms. Selection occurs at 
growth!imiting conditions. 
In most enrichments performed in chemostats, selection is based on a high 
affinity of microorganisms for the growth-limiting substrates.The major 
mechanism of selection in continuous culture enrichment on human serum may 
well be competition for (glyco)proteins. However, it seems clear that many 
other mechanisms of selection including accumulation of toxic fermentation 
products and the respective bacterial sensitivities, co-metabolism and 
cross-feeding also are important. 
Follow-up of enrichment studies 
Most enrichments of the past (Harder & Dijkhuizen 1982) were attempts to 
Isolate one particular (combination of) species linked to a well defined 
selection pressure. In the present approach, it Is realized that human 
serum presents a complex selection medium. The serum offers a variety of 
ecological challenges like: complex glycoproteins; rich in nutrients and 
accordingly, potentially high concentrations of (toxic) metabolic products; 
(optional) humoral defence; limitation of free iron; 
Such challenges and the "fourth dimension" time will create numerous 
niches. Accordingly, it can be expected that enrichments of subgingival 
plaque on human serum will lead to the isolation of consortia of species. 
The enrichment cultures will tell which species can grow on human serum but 
provide little information on the role of individual organisms In the 
complex culture. Additional studies are required to characterize niches of 
these species. Firstly, succession phenomena can provide answers. At the 
start of batch-wise enrichment serum glycoproteins are intact. Degradation 
can proceed in stages similar to the breakdown of other Mopolymers in 
anaerobic fermentation processes (Van Andel and Breure 1984). It is possi-
ble to link stages of the degradation of the glycoproteins and other avai-
lable substrates with the growth of particular species of the enriched 
inoculum. 
Secondly, isolates from the enrichment cultures can be further character-
ized. These characteristics can be used in reconstitution experiments to 
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find out how species depend on other organisms for their growth in serum. 
For example, one species may not be capable of degrading an intact glyco­
protein. A second organism may make the glycoprotein accessible as substra­
te by cleavage into fragments which can be degraded by the first species. 
SUBGINGIVAL PLAQUE METABOLISM AND ANAEROBIC FERMENTATION PROCESSES 
There is little information available about substrate utilization and 
bacterial interactions in the gingival crevice (Mikx & van Campen 1982). 
The isolation of mainly anaerobes some times including methanogens (Belay 
et al. 1988) from periodontal pockets 
GLYCOPROTEINS and the fermentation products found in 
dental plaque (Botta et al. 1982; Cole 
HYDROLYSIS et al. 1978; Geddes 1981) point to 
similarities with other anaerobic 
fermentations. This general pattern of 
anaerobic fermentation and how it can 
be applied to subgingival plaque me-
ACIDOGENESIS tabolism wil be discussed in this 
section. Anaerobic decomposition of 
FATTY ACIDS complex organic polymers like serum 
ETHANOL glycoproteins results from the combined 
action of a wide range of organisms. 
ACETOGENESIS Fig. 3 shows a simplified degradation 
Τ pattern to emphasize the major metabo­
lic routes from glycoprotein to methane 
MONOMER 
SUGARS, AMINO ACIDS 
ACETATE, CO,, H 2' '2 
METHANOGENESIS 
J 
сн4, co 2 
Fig. 3 Scheme of the anaerobic 
degradation of serum glycoproteins 
and CO«. The fermentation products of 
subgingival plaque are mainly the end-
products of the acidogenesis. Some 
acetogenesis and methanogenesis take 
place in pockets (Belay et al. 1988) 
but the flow of carbon from glycopro­
teins will generally stop at the 
acidogenic end-products. 
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Hydrolysis of glycoproteins 
Glycoproteins are too large to be taken up by bacteria. The first step in 
the process of making them ready for consumption is hydrolysis. The action 
of exoenzymes is required to produce smaller molecules which cross the cell 
barrier. Glycoproteins consist of a protein-core and oligosaccharide side-
chains. Hydrolysis of these side-chains of serum glycoproteins occurs by 
specific glycosidases like neuraminidase, α-D-mannosidase, S-D-galactosi-
dase, N-acetyl-6-glucosamim'dase and α-L-fucosidase. These oligosaccharide 
side-chains and other spatial structures of proteins may present a hin­
drance to hydrolysis of the protein-core by proteases and peptidases. Many 
proteolytic enzymes are specific for distinct sequences of amino acids in a 
polypeptide chain. In addition, hydrolysis of a protein is dependent of 
amino acid composition. The complexity of glycoproteins suggests that their 
degradation may require the action of a consortium of bacteria with differ­
ent enzyme profiles. 
Acidogenesis 
In acidogenesis fermentation of sugars and amino acids takes place. 
Generally, sugars are degraded more rapidly than amino acids (Breure 1986; 
De Jong and van der Hoeven 1987; this dissertation) in mixed anaerobic 
fermentations . The fermentation routes of sugars, especially those of 
hexoses, have been extensively studied. It is well established that hexoses 
are mainly metabolized to pyruvate which can be fermented via a number of 
metabolic routes. 
An important route is the production of formate by the pyruvate-formate 
lyase reaction found in Streptococcus sanguis and other oral bacteria (van 
Beelen et al. 1986; Yamada 19β7). Formate can be anaerobically respired by 
Eubacterium spp. containing formate reducing cytochromes (Sperry & Wilkins 
1976). Fast growing saccharolytic specialists like Bifidobacterium adoles-
centis, Eubacterium saburreum or Streptococcus spp. can dispose reduction 
equivalents obtained from the conversion of glucose to pyruvate to lactate. 
(Mashimo et al. 1981; Collins & Jones 1986; Yamada 1987). Lactate forma­
tion, however, has a relatively low ATP gain. In mixed anaerobic 
fermentations lactate is generally fermented to acetate and propionate. An 
example of a lactate fermenter in plaque is Veillonella párvula (Mikx & van 
der Hoeven 1975). 
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Gingival exudate or human serum are relatively carbohydrate-limited with 
respect to growth of carbohydrate utilizing species. Whereas the fermenta­
tion of sugars generally lowers the pH, gingival pockets are characterized 
by slightly alkaline conditions (Bickel Ь Cimasoni 1986). Accordingly, it 
can be expected that the fermentation of amino acids generating basic end-
products like ammonia by the predominantly asaccharolytic subgingival 
microflora has overcome the acid production resulting from sugar fermenta­
tion. 
Amino acid fermentation is quite complex. Amino acids can be fermented to 
volatile fatty acids, but it depends on the amino acid, the composition of 
the amino acid mixture and on the fermenting microorganism which fermenta­
tion route is followed (Breure 1986). Examples of amino acid fermenters 
occurring in subgingival plaque are Bacteroides spp., Eubacterium spp., 
Peptostreptococcus spp., Fusobacterium spp. and Treponema spp. (Curtis & 
Kemp 1984). Degradation of amino acids can start with decarboxylation 
leading to formation of primary amines like cadaverine, putrescine and 
agmatine. However, the low levels of amines in plaque indicate that this 
route is of minor importance (Hyatt & Hayes 1975). 
The most important degradation routes in anaerobic fermentation processes 
employ deamination of amino acids. A number of bacteria are able to ferment 
single amino acids. Bacteroides melaninogenicus can ferment aspartate to 
CO-, succinate, acetate and ammonia, Peptostreptococcus anaerobius can 
ferment glycine to acetate, CO« and NH,, and streptococci ferment arginine 
via the widespread arginine deiminase pathway (Curtis & Kemp 1984; Gott-
schalk 1979). 
Many organisms ferment pairs of amino acids by coupled oxidative and 
reductive deamination in Stickland reactions. An example of this reaction 
is presented in fig. 4. Similar reaction schemes can be made for most other 
amino acids. Valine, leucine and isoleucine can be substrates for oxidative 
deamination with the formation of isobutyrate, 3-methylbutyrate and 2-
methylbutyrate, respectively, and glycine and proline giving rise to 
acetate and valerate. Histidine may also act as a hydrogen donor, while 
hydroxyproline, ornithine and arginine are suitable acceptors. Dependent on 
the other amino acids present, leucine, tyrosine and tryptophan can act as 
a hydrogen donor or proton acceptor. (Breure 1986). Peptostreptococcus 
anaerobius can use leucine in one reaction as a hydrogen donor and proton 
acceptor with the formation of a mixture of isovaleric and isocaproic acid 
16 




















Fig. 4 Scheme of the Stickland reaction between alanine and glycine. 
(Britz & Wilkinson 1982). Proline can be reductively deaminated to 6-
aminovaleric acid by a Peptostreptococcus isolate of dental plaque (Curtis 
& Kemp 1984). These Stickland reactions seem to be important energy genera­
tors in subgingival plaque. 
AIM OF THIS THESIS 
Aim of the investigation was to find out which ecological factors deter­
mine the establishment and maintenance of the subgingival microflora. This 
dissertation is focused on the role of human serum in the development and 
growth of anaerobic subgingival microorganisms. 
Chapter 2 describes the first batch-wise enrichments of subgingival 
plaque in native human serum leading to the accumulation of fast-growing 
serum-degrading consortia of species associated with severe periodontitis. 
The extent and types of (glyco)protein degradation were studied with 
immunological methods. 
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Chapter 3 deals with continuous enrichment cultures on native and heat-
inactivated human serum as an jji vitro gingival pocket model, which allowed 
also selection of slow-growing organisms. Parallels are drawn between the 
enriched consortia, their glycosidase and peptidase profiles, preferential 
glycoprotein degradation, metabolism, and the gingival pocket in vivo. 
Chapter 4 describes the relationship between the appearance of certain 
species with stages in the degradation of the available substrates includ­
ing serum (glyco)proteins and fermentation product formation, by serum-
degrading consortia obtained by batch-wise enrichments. 
Chapter 5 describes the characterization of isolated species from serum 
degrading consortia and subsequent reconstitution experiments aiming to 
identify key-roles of particular species with respect to IgG degradation 
and growth on human serum within consortia. The importance of IgG cleaving 
or protein-core attack to make glycoproteins accessible as substrate to 
other subgingival organisms and to eliminate host-defence mechanisms is 
discussed. 
Chapter 6 deals with growth stimulation of Treponema denticola by perio­
dontal microorganisms, in particular, by еіПопеПа párvula, Fusobacterium 
nucleatum, Bacteroides intermedius and Eubacterium nodatum on serum. Co-
culturing and culture-filtrates preconditioned by growth of supporting 
organisms were used to test whether growth-stimulation of T^ denticola was 
by enzyme complementation and/or the production of a low molecular growth 
factors. Τ\ denticola is an important indicator organism of severe 
periodontitis (Loesche et al. 1987) 
Chapter 7 is a summary of the first four experimental papers of this 
thesis. The paper was presented at a meeting of the Society of Intestinal 
Microbial Ecology and Disease showing that the scope of this thesis had 
broadened to particular mixed anaerobic infections at other body sites. 
The experimental work and writing of this dissertation took place from 
november 1984-1988 at the laboratory of oral microbiology of the Dental 
School at the University of Nijmegen. The name of the project was "Growth 
of the Periodontal Microflora" funded by the research pool (University of 
Nijmegen). This project was part of the research program "Microbiology of 
Caries and Periodontal Diseases". 
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CHAPTER 2 
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Enrichment of subgingival microflora on human serum leading to 
accumulation of Bacteroides species, Peptostreptococci and 
Fusobacteria 
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Abstract. This study was undertaken to identify ecological factors that favour opportunistic patho­
genic species in the subgingival microflora In a first approach, hunun serum ач a substitute for 
gingival exudate, was used for hatch-wise enrichmem of subgingival plaque. The microflora resulting 
after 5 6 ennchmenl яерч consisted o| black-pigmenled and non-black-pigment cd Bacterotdes spe­
cies, Peptovtrepiocetcm тісгоч and Fmobaaenum nuileatum as the mam organisms It is noîed 
that the same group of speacs was found to be ermehed independent upon the ongm of the subgingi-
val plaque sample It was suggested that these organisms arc favoured by the increased flow of 
gingival exudate dunnginilammalioti. 
The consortium of organisms was capable of selective degradation of serum (glvco-)proterns. 
Four different types of degradation occurred After a prolonged period of growth complete degrada-
tion of immunoglobulms. haptoglobin, transferrin and complement C3c was observed Partial de-
gradation of immunoglobulins, haptoglobin, lraлsferπn. albumin, alpha [-antitrypsin and comple­
ment Clc and C4 was generali) observed after 48 h of growth Besides, immunoglobulin protease 
activity yielding Fc and Fab fragments was found The consortium was also capable oí consuming 
carbohydrate side-chains as indicated by an uttered eleeimphoretic mobiUly of the serum glyco-
proteins. 
Introduction 
Periodontal disease is usually characterized by a complicated microflora consist-
ing of a large variety of anaerobes (Moore et al. 1982). Very little is known 
about the ecological factors which lead to the establishment and maintenance 
of this pathogenic flora. Aim of this study was to find out which ecological 
factors favour opportunistic pathogenic organisms such as Bacteroides species 
(Loesche 1984; Slots 1982; Slots & Genco 1984; van Winkelhoff 1986) m the 
Reproduced with permission of Kluwers Academic Publishers 
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oral cavity Studies on the role of organisms and ecological factors ha\e often 
employed ennchment strategies to identily the role of specific fdctors for the 
ecosystem (Beijermck 1901, Harder & Dijkhui/en 1982) We suggested that 
gingival exudate is an ecological factor of importance in the subgingival ecosys­
tem In addition to a vanety of host-defense factors, it presents a major source 
of substrates to the subgingival microflora, like saliva does to the supragmgival 
plaque (De Jong et al 1987) The chemical composition of the crevicular fluid 
shows an increasing resemblance to that of serum as soon as inflammation ot 
the gingiva occurs (Bickcl & Cimasoni 1986, Hattingh & Ho 1980) We accord­
ingly used native human serum as a growth medium m batch-wise enrichments 
of the subgingival microflora under similar anaerobic conditions as exist in per­
iodontal pockets 
Basically the strategy behind ennchment cultures is to select tor Kiclena that 
optimally utiltie the available substrates (Beijermck 1901, Brock el al 19S4) 
In batch wise ennchment cultures this is achieved by selection m a scries ot se 
quential cultures on a liquid medium containing the specific substrate The first 
step of the ennchment culture is inoculated with a sample from the microbial 
ecosystem to be investigated In batch-wise enrichments organisms with a high 
growth-rate and adapted to growth at high substrate concentrations are favoured 
Complex macromolecular substrates such as serum may well be utilized more 
completely by bacterial consortia than by pure cultures because of complemen­
tary substrate specificities and en/yme activities for substrate hydrolysis 
In this study, as a first approach, we have selected in batch-wise ennchment 
cultures for a group (consortium) of microorganisms originating from a complex 
penodontal microflora which are favoured by anaerobic conditions a high 
growth-rale and an increased flow of gingival exudate (i e non-giowth limiting 
amounts of serum as substrate) 
Materials and methods 
For this study we selected patients without symptoms of acute periodontitis 
The pockets involved were untreated and 4-7 mm deep and the gingiva showed 
some bleeding upon probing After removal of the supragmgival plaque, sub­
gingival plaque samples were taken with an extirpation needle and immediately 
transferred into an anaerobic chamber (Braun, Garching, West-Germany, 9l"(l 
N2, 5"0 CO;, 4
0
0 Hi, 37 C) AH further experimental procedures were carried 
out in this chamber 0 5 ml of prereduced resuspension medium containing 10 
g 1 ' Tryptone (Difco), 10 g I ' Yeast extract (Difco) 1 25 g l ' MgSCX, 7H,0 
1 25 g 1 ' KjHPCX and 2 g 1 r glucose, was added to the sample and it was vor-
texed for 30 s Portions of 0 I ml were inoculated into 5 ml batches of prereduced 
active human serum and repeatedlv transferred (by 100-fold dilution into fresh 
20 
Baaeroìdei чреиеч PeptOilreptmiHaandFuiobaclena 263 
serum after 48 h of growth) The serum was provided by the local blood donor 
service and was obtained from 5 donors Some potentially interesting parameters 
of the enrichment cultures were recorded at time of transfer Optical densities 
(550 nm) were determined in a Zeiss PMQ1 spectrophotometer The pH and 
redox-potential were measured with a combined pH and redox-electrode (In-
gold) H2S production was detected by blackening of lead-acetate paper 
Microbial analyses ot the plaque samples and enrichment cultures included 
microscopical observations and cultural counts Samples were serially diluted 
in resuspension medium and plated on prercduced blood-agar and BBM-medi-
um (Gibbons & Macdonald 1960) Blood-agar contained 25 g 1 ' Brain Heart 
Infusion (Difco), 10 g I ' peptone (Difco) 20 g 1 ' Bacto-Agar (Difco) and 1 
gl ' KNOj, 100 ml 1 'defibnnated sheep blood was added alter cooling to 56 С 
BBM-medium (Gibbons & Macdonald 1960) containing 50 rag I ' of kanamy-
cme was used to enumerate b ρ Вм teroides 
The dominant flora after 5-6 enrichment steps (± 50 bacterial generations) 
was identified by randomly selecting 25 colonies from representative plates In 
addition to this proLedurc differential counts based on colonial morphology 
were made using a stereo-microscope inserted in the window of the anaerobic 
chamber Represéntame colonies were subcultured for further identification 
From all isolates in both procedures Gram-stain and cellular morphology were 
determined Gram-positive and negati\e rods were identified with the AP1-20A'( 
(anaerobes) (API system S A Monlalieu-Verucu, France) Streptococci were 
identified using the API-20 Strep* system Weak Gram-positne peptostrepto-
cocci. Gram-negative cocci and some Gram-negative rods were identified with 
the API-20AR system and the API-An-Ident system (API, Analytab Products, 
Ν Y ) If necessary, additional tests were performed like growth on blood-agar 
aerobically, growth and fermentation products on PYG-broth (Holdeman et 
al 1977) Several isolates were sent to the National Health Laboratories (RIVM) 
for identification and confirmation Unknown Bacterotdes species were sent to 
Τ J M van Steenbergen (Oral Microbiology, Free University, Amsterdam) 
for identification Degradation of scrum protems was investigated qualitatively 
with Immunoelectrophoresis using respective antisera Quantitative measure­
ment of specific serum protems was performed with semi-automated immunone-
phelometry using monospecific antisera raised in rabbits 
Results 
In these experiments 3 samples of subgingival plaque were ennehed on human 
serum Samples A and В were removed from the same dental pocket with an 
interval of approximately 3 months time, whereas sample С originated from 
a difterent subject AH samples contained spirochetes (up to 10"„) using dark-
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field microscopy Cultural counts showed low or non-deLcctable numbers, of 
b ρ Batteroides 
The composition of only one plaque sample, sample A was characterized HI 
detail by picking random isolates Fuiobuctermtn пш leaium was the only species 
found among the random isolates from the original plaque sample and the result­
ing enrichment culture A close relationship between the dominant microflora 
before and after ennchment of plaque samples, however, is not netessanlv to 
be expected mainly because the conditions in the enrichment culture (i e growth 
at a maximal growth-rate for 50 bacterial generations) offer a strong selective 
pressure, favouring a small group of specialists among the periodontal micro­
flora 
In the first steps of the batch-wise enrichment the optical densities at 550 
nm (ODjW) of the cultures after 48 h of growth increased rapidly till a stable 
level at an OD*«, of 15 was reached The increase in OD,« coincided with a 
decline in redox-potential from 70 mV to ITS mV Continued growth of the 
culture* till 72 h, instead of 48 h as used normally m these experiments, yielded 
cultures with an OD<4, of 20-30 and redox-potentials ot -400 mV to -S50 mV 
Strong H2S production was always found The initial pH of the serum was 7 8 
In the first enrichment steps the pH dropped to approximately 6 4 after growth 
Towards the end of a senes of enrichment steps the pH initially decreased till 
6,4 and then increased again to a value of 7 0 
After 5-6 steps of ennchment a population adapted to rapid growth on serum 
had developed Comparison of the enriched flora from different pocket samples 
showed that microflora's with a similar composition were obtained (Table 1) 
Peptostreptococtus micro'! became numerically dominant in the last 2 3 steps 
of the ennchments I he two non-black pigmented Вш teroidev species. Batter 
aidespneumosmtes and Baeteroides PS070, were difficult to distinguish on basis 
of colonial morphology and therefore not counted separately Baiteretdei spe­
cies PS070 was however detected most frequently in the random isolates and 
was besides Ps micros the second dominant species in the enriched microflora 
It fermented glucose, saccharose and maltose One isolate was sent to 1 J M 
van Steenbergen (Oral Microbiology, Amsterdam) who confirmed that it was 
a yet unnamed Buiteroulet species The identity of Bmteroides pneumosmte* 
was confirmed by theRJVM(Bi!thoven)andT J M van Steenbergen tusobac-
tenum nudeatum was found after every step of enrichment maximally making 
up 19",, of the total C F b Lactobacillus aiidophilus and Streptocotciis sanguis 
И (mífií>r)wereconsistently found thoughoftenm low proportions 4ctinonnces 
PS052 was only found m ennchments A and В The identity of this organisms 
is still uncertain due to its poor growth on test-media unless serum was added 
and its unusual en/ymic profile Gram-stain, colonial morphology, very weak 
sugar fermentation and the other characteristics point however to Aitimnmces 
Lsraelu The category others was formed by incidentally encountered species such 
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as Eubaitenum ¡entum. Aitmom\ce$ odontoly twm, Pasteurellaspeaes and Pro-
piombacienum acnes Spirochetci were found m the plaque samples but could 
not be detected in the enrichment cultures using interference contrast and dark-
field microscopy 
Special attention was paid to the group of b ρ Bacteroides species Bactemdeï 
mtermediui was consistently found after 2 3 steps of enrichment maximally 
making up 15"„ of the total CFU as can be seen in Table 2 In contrast, the 
levels of this organism m the original plaque samples were often below detection 
(<0 I/,,) Enrichment of Васитоакч mtermedim coincided with redox-poten-
tials (Eh) below -300 mV Bacleroidesgmgn'alt.'tv/'Aò not found m plaque samples 
and ennchmcnl cultures Bacteroides melatunogemcus was isolated only once 
The bacterial consortium in the enrichment culture degraded diffeient serum 
(glyco-)protems to a varying extent as is shown in table 3 Remarkably, albumin 
the mam serum protein was degraded to a lesser degree than the serum glyco-
proteins More extensive degradation was observed in a culture grown till the 
stationary phase (96 h. Fig 1B) than in a culture grown for the normal 48 h 
(Fig 1 A) The immunoelectrophorctic patterns allowed to discern four different 
types of glycoprotein degradation as is shown in Fig 1 
- Complete degradation of the immunoglobulins, haptoglobin, transferrin and 
complement C3c as is revealed by the absence of immune-precipitation after 
a prolonged period of incubation (Table 3. Figs IBI, 2) 
- Extensive degradation of all investigated proteins resulting in decreases of 
the immunonephelometnc reaction and/or distortion of the precipi tation lines 
7аЫе I Composition of the dominant flora after enrichment of 3 subgingrval plaque samples (A. 
В and C) on human seram (percentages of total CFU) 
Species A(5)* B(6) C(6) 
Peptostreptocôccus micros 




Strepioeoccus sanguis Π/Ι 
Actinomyces PSOtK2 
others 
Number of isolates 






























4 7 10' 
* Number of enrichment steps in parentheses 
** Percentages of Bacteroides pneumosmles and Bacteroides sp (PSQ70) were pooled becanse colo-
lues could not be sufficieutly disennunated 
23 
266 Ρ F ter Steeg et al 
Table! Detection of Bacterouies uìtermedtus m subgingival plaques Λ, Β and С and after ennchment 
of these samples on human wrum (percentages of total CFU) 
Sample Percentage В tntermedtus 
Plaque Ennchment 4tep no 
1 2 4 4 s 6 
A N D * N D 117 46 39 71 
В N D N D N D 98 147 52 
С 06 N D N D 02 74 13 7 22 
* Detection level was appToxiinatet> 0 Γ 0 N D means no black-pigmented colonies detected on 
blood-agar and BBM-plates 
after Immunoelectrophoresis (Table 3, Fig. 1) 
- Immunoglobulin protease presumably cleaving into Fc and Fab fragments 
as described previously (Kilian 1981) (Fig 1A2) 
- Altered electrophoreüc mobility due lo removal of carbohydrate side-chains 
of glycoproteins (Fig. 1 A2-5) 
As there is a shortage of blood donors and products m the Netherlands, it 
was checked whether other substrates could be substituted for human serum 
Thus, in a pilot study periodontal plaque was enriched on calf serum, sheep 
serum, human plasma and dialy/ed plasma (m order to remove part of the glu-
cose and sodium citrate) The animal sera had to be discarded because b ρ Sac-
terotdei were not or only incidentally found after ennchment. Enrichment on 
plasma resulted in a final pH of 5.0 to 5.5 and a microflora mainly consisting 
of L. acidophilus whereas in sera (see also Table 1)6 8 species were found to 
be ennched. 
We also tested the effect of using heat-tnactivated (56 "C, 30 mm) serum rather 
than active serum on the composition of the enrichment cultures in these pilot 
expenments Heat-inactivation of the serum did not have any significant effect 
on the enriched microflora from periodontal pockets 
Ftg 1 A Imimino-eleclrophoretic patterns of sefum-culture- hupematants using polyvaicm and 
monospecific antisera The upper wells comtamed reference human scrum, the lower wells culture 
supernatant fifth step of an enrichment culture grown for 48 h, В seventh step of an ennchmunt 
culture grown for 96 h Al - total proteins, A2 extensive degration of immunoglobulins showing 
also cleavage in the hinge regions yieldmg Fc and Fab fragments with an altered electrophoretic 
motility due to removal of carbohydrate side chains. Al, B3 - extensive degradation of a|-antitr>p-
sm, A4, A5 - extensive degradation plus altered electrophoretic mobility of haptoglobin and trans­
ferrin respectively. Bl total proteins, B2 -complete degradation of immunoglobulins, Bl exten­
sive degradation of xi-antitrypsin 
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ТаЫе 3 Selective protem degradation jftcr representative batch wise ennchmenb of two subgniy 
































































*) Step 7 of this batch-wise ennchment was prolonged lo 96 h m contrary to Ihe regular 48 h 
Discussion 
As a first approach to identify ecological factors in the subgingival ecosystem 
we performed batch-wise enrichments of subgingival plaque on human serum 
Batch-wise ennchments are likely to select for fast-growing primary and second­
ary utilizers of substrates in serum In the batch culture substrates are in excess 
and these experimental conditions may, to a certain extent, reflect environmental 
conditions in the sulcus area of inflamed gingiva where the increased flow of 
gingival exudate in periodontal inflammation (Bickel & Cimasoni 1986, Hat-
tmgh St Ho 1980) presents a continuous supply of fresh substrates for the sub­
gingival microflora Our results (Table 1) show that these conditions lead to the 
accumulation of a typical and reproducible microflora Dominant members of 
this microflora Peptostreptococcus micros Bailerotdes mtermedmi Bacteroides 
pneumosmtes and Fusobaetenwn nudeatum are frequently tound as predomin­
ant species in clinical infections and adult and juvenile periodontitis (Moore 
etal 1981,1982,1983.1985) These organisms may well benefit from inflamma­
tory conditions resulting in increased flow of exudate 
The ennchment of Bacterouks mtermedvus is in accordance with the often 
found association of this organism with periodontal diseases (Loesche et al 
1985, Komman & Loesche 1980, Slots 1982, Slots & Oenco 1984) The observa-
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lion that В. iniermedms was only found in ennchment cultures with final redox-
potentials below 300 mV deserves future attention. It is known that serum stim­
ulates the growth of Я mtermedius (Okuda et al 1984) Little effect of serum 
on the growth of Bacteroides gmgivahs was found (Okuda et al. 1984) Bacler­
mdes gingivals is absent in our enrichment cultures. Its presence in early onset 
penodontiti!. and its disappearance in later stages (Loesche et al. 1985) may 
suggest that it cannot benefit as well as Bacteroides mtermedius of the increased 
flow of gingival exudate 
It is also of interest that Pepiostreptocoeius micros, the dominant microorgan­
ism in the enrichments, has recently been reported to possess several disease 
related characteristics including the production of hyaluronidasc (Tam & Chan 
1985; Tam et al 1982) The presence of this organism in the subgingival micro­
flora may well be underestimated m many studies due to the fact that colonies 
on blood-agar are small and inconspicuous and that mature cultures often stain 
Gram-negative 
The rapid disappearance of spirochetes in our enrichment cultures despite 
the fact that these organisms are ubiquitous in periodontal disease (Loesche 
& Laughon 1982; Mikx et al 1986) may well be related to our experimental 
model which allows for selection of fast-growing organisms only In contrast, 
spirochetes are rather slow growing micro-organisms (Mikx et al. 1982, Cheng 
& Chan 1983) Preliminary results of enrichments m continuous culture, allow­
ing selection at low growth-rates (generation times of 7-9 h), have indicated 
the accumulation of Treponema denticola. 
A further significance of our findings is, that we now have identified a set 
of oral bacteria whose concerted action enables them to grow on active scrum 
and break down serum components almost completely. Preliminary findings 
showed that from the dominant members of the enrichment microflora only 
pure cultures of Ρ micros were capable of visible growth on active human serum 
as reflected by an O D ^ after growth of 0.8 and 5.10" CFU.ml λ In our enrich­
ment cultures P. micros reached 5 10' CFU.ml ' showing that it also greatly 
benefited from the concerted action of the microflora in the enrichment culture. 
The extensive or complete degradation of many serum proteins in our ennch­
ment cultures is also indicative of the actions of consortia. Frandsen et al. ( 1986) 
reported that most oral bactena are not or only partially capable of IgA degrada­
tion. Our observation that IgA and other host-defense factors such as comple­
ment СЗс, IgG and IgM could be completely degraded in the ennchment cultures 
suggested that members of the consortium possess complementary ептутіс acti­
vities. Glyco-protems were prefentially consumed in the enrichment cultures as 
is apparent from the fact that albumin, a genuin protein and the main serum 
component, was hardly attacked. Haptoglobin and transferrin might be attract­
ive substrates to the microflora both because of their carbohydrate and iron 
content, ai-antilrypsm and y-globulms also contain carbohydrates. Similarly de 
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Jong et al. (1987) observed a preference of oral bacteria for glycoproteins in 
enrichment cultures of supragingival plaque on saliva. 
No effect of heat-inactivation of serum on the species composition after en­
richment was found, which may indicate that consortia of microorganisms di­
rectly isolated from the gingival crevice were rather resistant to the bactericidal 
properties of gingival exudate or serum. Besides black-pigmented Bacleroides 
are known to possess several mechanisms to evade the bactericidal properties 
of serum (Nilsson et al. 1985; Sundqvist et al. 1985). 
In summary, it may be concluded that besides its role in the host-defense re­
sponse, gingival exudate plays also a major role as a substrate for the subgingival 
microflora. In relation with recent findings of de Jong et al. ( 1986) which showed 
that saliva is a major source of substrates for the supragingival microflora the 
results presented in this paper show the need for future studies on the role of 
host derived substrates in oral microbiology. 
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CHAPTER 3 
Modelling the Gingival Pocket by Enrichment of 
Subgingival Microflora in Human Serum in Chemostats 
P Ь TERSTECOn J Ь VAN DLRHOlVLNt M H DEJONGt Ρ J J VAN MUNSTERÍ and 
M J H JANSEN? 
¿Dept о/Ргечтт umìCtmmimm Denlisin L nnirsit) o/ \ijnu.gtn PO Bo\41UI 6W0 HB \ijmegtn 
The I\nher laudi 
XChmcalChimtcalLaboraton Ckpt ojPedtotncs Ítiner«rv Hospital Nijmegtn The \etfieriands 
Received 26 June 1987 Reused 21 October 1987 
This slud\ was undertaken to design a relevant modet s>item with conditions resembling the gingival pocket in order to 
identify ecological factors that stimulate the establishment and maintenance of pathogenic subgingrsal microflora 
Human scrum as a substitute for gingival exudate was used in continuous culture enrichments of subgingival plaque to 
enable the selection of slow growing (DS0 08 h ') consortia of microorganisms After one week of continuous 
cultivation species such as Tnponemadiniuda Peptostreploioum spp ІмсшЬачІІиі <a!tnuforme Sin plot m LUS 
spp Bat и muh s spp Fubai и пит spp and iiillonella panala became the predominating organisms The cultures 
produced a wide variety of mainly cell bound hydrolytic enzvmes which have been associated with periodontal disease 
The consortia preferentialK consumed carbohjdrates as was also indicated by the altered electrophoretic mobility of 
the strum glycoproteins due to removal of carbohydrate side-chains Extensive degradation of glycoproteins such as 
immunoglobulms haptoglobin transfemn and α,-amitrypsm was observed Acetic, butvnt and propionic acids were 
the major producb of metabolism suggesting heterolactic fermentation and amino acid catabohsm These products 
are typical of acidogciusis in anaerobic fermentations Our results suggest that this in vitro model can approximate 
conditions in gingival pockets 
KLYWORDS—Trepontma denlitola Pcnodontitis Glycoprotein degradation Humanserum Enrichment culture 
INTRODLCTION 
The initial stages of periodontal disease lead to the 
lormatton of an unique anaerobic microenviron 
ment, the gingival pocket ^ These pockets are 
usually populated by a complex microflora consist­
ing of a large variety of anaerobes 3 4 Little is 
known about the ecological factors that control the 
establishment and maintenance of these pathogenic 
microflora The aim of tins s.tudy was to design a 
relevant model system with conditions resembling 
the gingival pocket Enrichment models have been 
employed previously in microbial ecology and have 
led to the identification of niches and roles of fac­
tors in a variety of ecosystems 2 '* Nutrients are 
major ecological determinants of every ecosystem 
In the oral cavity, saliva is a major source of sub­
strates for supragmgival dental plaque 2 ' Gingival 
exudate in addition to presenting a vanety of 
*Aulhor lo whom corrtspondtnee should be addressed 
(Ш-омхвьоахт ишоо 
« 1988 bv John Wiley & Sons Ltd 
host defense factors, constitutes a major source of 
substrates for the subgingival microflora and it 
shows a close resemblance to human serum 3 In an 
earlier experiment subgingival plaque was enriched 
batch-wise on human serum 4 J This led to the 
accumulation of a consortium of microorganisms 
consisting of species that are associated with 
chronic penodontit is 3 2 " 3 4 including Bacteroides 
spp , Peptottreptococujs mitro* and Fusobai tenum 
nudeatum A draw-back of the batch-wise enrich­
ment model was that it only allowed for the selec 
tion of fast-growing organisms at high, non-growth 
limiting substrate concentrations This would 
exclude proliferation of slow growing organisms 
such as spirochaetes,8 3 0 which are ubiquitous m 
periodontal disease ^ 2 9 Subsequently, we refined 
our model system in this study to allow for selec­
tion of slow-growing consortia of micro-organisms 
on human serum by using continuous culture 
techniques 
Reproduced with permission of John Wiley & Sons, Ltd. 
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MATERIALS AND METHODS 
Sampling atultullnalwn 
Five separate enrichments were carried out 
Enrichments Α-D were started with bacterial 
samples that were obtained from 11 adult peno 
dontal patients who showed symptoms of chromi. 
periodontitis The pockets involved were untreated 
4-9 mm deep, and the gingiva showed some bleed­
ing upon probmg After removal of supragmgival 
plaque, bacterial samples from the pocket were 
taken with an extirpation needle The samples were 
immediately immersed m 0 5 ml Reduced Transport 
Fluid (RTF. 45) and transferred into an anaerobic 
chamber (Braun. Garching, West-Germany, 91 per 
cent N 2 , 5 per tent C 0 2 , 4 per cent H 2 , 0 2-0 4 ppm 
O2) The samples from 2-3 patients were pooled and 
vortexed for 30 seconds The homogenized plaque 
(0 2 ml) was used to inoculate 8 ml of pre-reduced 
human serum and grown anaerobically for 48 h at 
370C Native serum was used m ennchmenls A-B 
and heat-mactivated (30 mm at 56 C) serum m 
enrichments C-F In one case (enrichment F) the 
batch culture was started with 0 2 ml of enrichment 
culture С (steady state) that had been stored for 3 
months at —80 С in skimmed milk This was done 
to investigate the reproducibility of the establish­
ment of Treponema demicola m continuous cultures 
on heat-mactivated serum The serum was provided 
by the local blood donor service and was pooled 
from at least 5 donors (for a description of its 
composition see Table 5) 
Continuous cultures were started as follows 
After 48 h of growth, 5 ml of the batch culture was 
transferred with a stoppered sy nnge from the anaer­
obic chamber and used to fill a chemostat vessel 
Continuous cultivation was carried out at 37JC in 
5 ml vessels with magnetic stirring Fresh human 
serum was added with a LKB 2132 Micro Perpex 
pump The pH was left to find its final value above 
7 5 or kept at the desired value of 7 5 (human serum 
and periodontal pockets have pH values between 
7 5-8 03) by automatic titration (Mettler DV11) 
with 0 5 M КОН The cultures were continuously 
flushed withNj (91 percent), H 2 (4 per cent), CO, (5 
percent) 0 2 < 3 p p m Dilution rates (D) of the cul­
tures varied from 0 08-0 10 h 1 allowing for longer 
bacterial generation times than in previous batch-
wise enrichments *3 
The pH and redox-potential (Eh) in the vessel 
were measured with a pH and redox electrode com­
bination (Ingold. Urdorf, or Applicon, Austin 
!> l· Tl R STEFC. í T Al 
Texas) H2S production was qualitatively deter-
mined by blackening of lead acetate paper at the gas 
outlet The effluent was collected at 0 С in a pre-
weighed serum flask for use in a variety of analyses 
Due to the small volume of the culture vessel it was 
not possible to routmelv sample directly !rom the 
culture Optical densities at 550 nm (OD
s 5 (,) of the 
Lulture effluent were determined in a Zeiss PMQ3 
spectrophotometer after vortexing with glass-beads 
(0 1 mm) for 30 seconds Dry weights of cells were 
determined per weight of effluent (7-11 g) The 
effluent was centnfuged (48000? 20 mm) and the 
cells were washed twice in demineralized water The 
cells were dried m crucibles at 10^ С until constant 
weight Dry weight determinations were perlormed 
at least twice during the steady state' of an enrich­
ment culture Supematants and pellets were stored 
at - 80 С 
Chemtcal and immwologu al anali if i 
Total hexoses in human serum and the super-
naunis of culture effluent were determined by the 
phenol-sulphuric acid method 1 8 using glucose as a 
standard Extinctions were determined at 485 nm in 
a Zeiss PMQ3 spectrophotometer Total proteins 
were measured with the biuret method2 3 and the 
TNBS method'* using bovine serum albumin as a 
standard Degradation of serum proteins was inves­
tigated qualitatively bv Immunoelectrophoresis 
using monospecific and polyvalent (immunoglobu­
lins) antisera Quantitative measurement of specific 
serum proteins was performed with semi-automated 
immunoncphelometry using monospecific antisera 
raised m rabbits " 
Acidic fermentation end-products were deter­
mined in ultrafiltrates (1800 g, 30 mm, Amicon 
Mieropartition System, Danvers Massachusets) 
of supematants of culture effluent Formate, ace­
tate, sucanate, lactate and propionate were 
measured by isotachophoresis , 9 Iso-butyrate, 
butyrate, 2-methy!-butyrate, iso-valerate, valerate 
iso-caproate and caproate were determined using 
gas-liquid chromatography l " 
Enzvmatu assa\s 
Enzyme activities were determined with the APJ-
ZYM research kit (API-system S A Montaheu-
Vercieu, France) containing 90 different substrates 
for detection of glycosidase, peptidase and esterase 
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activities Some additional tests namely acid and 
alkaline phosphatases trypsin and chymotrypsm 
like activities were performed using the normal API 
/YMkit Neuramimdaseactivitywasassivedfluor 
mietrically according to Potierttal ^ a n d Murray?/ 
al%ь using ammonium 4 methylumbclhfcryl α D 
N-acetylncurammate (Koch Light Ltd, Haverhill 
Suffolk England) as a synthetic substrate The 
en/yme actiMties were determined separalelv in the 
supernatant fluids in the cell fractions of fresh cul­
ture effluent and also in sterile human scrum ot the 
same batch as a control I or leliable estimates of 
enzyme activities it was found necessary to dilute the 
culture supernatants and serum (1-fold) before use 
in HEPES-bufferiO 05 mM HEPFS 1 tnM MgCI2 
l m M C a C l 2 pH 7 2) A 4 15 told diluted suspen­
sion (final OD5 5 £ I -2 0) of the pellet fraction was 
also made in HbPFS buffer 
M и robiologic ai anal\ ses 
Plaque samples were not characterized in detail 
and were only screened for the presence of spiro-
chaetes and black pigmented Baiten>ide\ A close 
relationship between the dominant microflora 
before and after enrichment of pooled plaque 
samples is not necessanlv to be expected because the 
conditions in the enrichment cultures offer a strong 
selective pressure for at least SO bacterial gener­
ations favouring a group of specialists among the 
periodontal microflora Fach day culture effluent 
was screened microscopically for the presence ot 
spirochaetes Direct sampling ( s 0 2 m l ) from the 
culture was done every 48 12 h Exposure of the 
cultures to 0 2 was prevented bv overpressure in 
the vessel After instantaneous removal of the air in 
the sampling syringe samples were immediately 
transported into the anaerobic chamber 0 1 ml of 
the sample was added to prereduced 9 9 ml saline 
(0 9 per cent w v) and dispersed by vorlexmg with 
glass beads (0 1 mm) or by repeated (4 χ ) sonica lion 
tor 15 seconds using a Kontes (Vineland NJ) 
К 881440 somfier equipped with a microtip at maxi 
mal output Suitable dilutions were plated on pre­
reduced blood-agar and ennched cysteine blood 
agar (ECBA) Blood agar contained ¿Sgl" 1 Brain 
Heart Infusion (Difco) 10 g 1 ' peptone (Difco), 
20gl 1 Bacto-Agar (Difco) and I g P 1 KNO, 
100 ml defibnnated sheep blood was added after 
cooling to 56 С ECBA contained in addition 
1 g 1 ' sodium formate 1 g 1 * sodium succinate, 
I g l " 1 c>steme-HCl H 2 0 5mgl ' haemm and 
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Tabic 1 Physical characteristics of umtinuous ennch 
mem cultures of subgingival plaque on native or heat 
inactivated human serum 
Human serum 
Native Inaclivated 
С ulturcs A B С -E 
Grow th rate μ (h ') 0 080-0 103 0 077 0 091 
binai pH 7<-7 9 76 80 
bnatEh(mV) -260--324 -372 -492 
Dry weight (mg g ' culture) 1 4--I 8 3 5 18 
OD„ (, SS 7 1 15 6-17 5 
Duiation(davs) 15-17 18 34 
1 mg i ' menadione ECBA containing 50 mg 1 I of 
kanamycm was used to enumerate black pigmented 
Вас teroida 
Spirochaetes were enumerated in a Hawskley 
counting chamber as they cannot be quantihed 
accurately by conventional colony counting tech­
niques 1 0 Spirochaete colonies were obtained on a 
modified GM I medium (MGM-lHR)with thefol-
lowing composition Trypticase (BBL) 1 5 g, yeast 
extract (Difco) 1 0 g, NaCl 0 25 g glucose 0 025 g, 
cellobiose 0 025 g soluble starch 0 05 g Noble agar 
0 7 g, cysteine HCl H 2 0 0 1 g, salt solution
2 0
 50 ml, 
cocarboxylase (Sigma) solution* 2 ml, volatile 
fatty acids solution20 0 5 ml, menadione-haemm 
solution2 0 1 ml, inactivated human scrum 15 ml, 
deionized H 2 0 35 ml and 5 ml rabbit blood 
Cocarboxylase volatile fatty acids menadione-
haemm solutions, serum, blood 240 μg rifampicin 
(Sigma) and 19600 U polymixin В (Sigma) were 
added aseptically after autoclavmg 4 0 Spirochaetes 
were suhcultured m liquid ТУ GVS medium 2 * 
The dominant flora after at least 2 weeks in con­
tinuous culture (>60 bacterial generations on 
human serum) was identified by randomly selecting 
25-50 colonies from representative plates (ECBA) 
In addition to this procedure, differential counts 
based on colonial morphology were made 
Representative colony types were also subcultured 
for further identification Identification procedures 
were essentially as described before * 1 Spirochaete 
isolates were obtained from MGM-1HR plates and 
GM-1 plates*2 and were classified according to the 
number of endoflagella and on the basis of their 
enzymatic profile obtained with the conventional 
API-ZYM kit containing the trypsin and N-acetyl-
33 
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Table 2 Compobition of the mii.roflora after continuous culture ennchmenl of subgmgivjl 
plaque on human serum (percentages of total CTU) 
bxp* 
Tnponema dertneoiai 
Bai teroules mtermedms 
Bacieroides orala 
Αι tinonn ces odontoh tu us 
Eubac tenum alactoh tit urn 
Eubactenum lemum 
Eubactenum hrat h\ 
hiaobacierium nut leatum 
Lactobatittus catenaforme 
Peptmtreptoi м cus ¡maerobius 































































1 1 χ IO 1 0 
*Fnnòhment A was earned out with native human serum С £ with heal inactivated i^rum ІогА С D 
different pooled plaque samples were used Enrichment E wasstarted with a slorcdf — 80 CI portion оГС 
Identification and viable count took place after at least two weeks of continuous i-uluvation Means 
in — 2) are presemeli 
tT' denucola was enumerated in a counting chamber 
JRcst comprises a diverse group of incidenlall> encountered species vuch as Fuwbm. η пит neirophúrum 
Oemella haemohstms and Propionibacterium acnes 
ß-glucosaminiddsc tests The ultrastructure of rep- Some wall growth occurred in all of the cultures 
resentative spirochaetes isolated from the ennch- although it was only ехсечы е in culture В which 
ment culture was observed using routine electron abo exhibited inter-cell aggregation This made it 
microscopic procedures impossible to g!\e an accurate quantification of the 
microbial composition of culture В The microbial 
RESULTS compositions of A.C.D and E after at ¡cast two 
_, . , , , weeks of continuous cultivation are shown in 
Ph} steal parameters and microbial compo чшоп Table 2 
Use of native serum in enrichment experiments A Tréponèmes were among the predominant flora 
and В instead of heat-mactivated serum (C E) m cultures С and E In D they were detected 
resulted in lower cell densities as is shown in Table I by microscopical observations A representative 
which summanzes some physical characteristics microscopic picture of culture (C) is presented in 
of the ennchment cultures after reaching stable Fig 1 showing a diverse microflora withlargeaggre-
densities gates of cocci, rods and spirochaetes An example of 
It is noted that enrichment cultures on native an ultrastructural examination is shown in Eig 2 
serum also reached a high bacterial density These electron micrographs revealed the presente 
(OD5 50 s 15) during the first week of growth but the only of spirochaetes with 2 4 endoflagclla, a charac-
high cell densities were not mamtained and the tenstic feature of Treponema denucola The identity 
СЮ,50'ч fell subsequently to between 5 5 and 7 1 of Τ denucola was confirmed as all treponemal 
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Figure 1 Phase contrast micrograph (ІЗЗЗх) of a continuous 
enrichment culture (C) of subgingival plaque on human serum 
after a tenfold dilution 
Figure 2 Electron microscope picture (64.000 χ ) showing T. den­
ticola in a cross-section of continuous enrichment culture С 
isolates proved to be trypsin positive and N-acetyl-
ß-glucosaminidase negative. T. denticola was 
consistently found together with Bacteroides 
mtermedius, Eubacterium spp., Lactobacillus cate-
naforme. Peptostreptococcus micros, Peptostrepto-
coccus anaerohius and Veillonella párvula (Cultures 
C-Ε, Table 2). T. denticola á\A not become predomi-
nant until after one week of continuous cultivation. 
Within 2-3 days its number in the culture increased 
from Ю М С Г т Г 1 to 1-2 χ IO9 m l " ' , indicating a 
growth-rate of approximately 0-12 h '. Its presence 
was not incidental. Numbers of T. denticola per ml 
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fluctuated only within one log unit during several 
weeks of continuous cultivation (Exp. E). In order 
to test the effect of host-defense factors, native 
instead of heat-inactivated serum was added to cul­
ture E during the last week of continuous culti­
vation. This did not affect the bacterial densities or 
the presence of T. denticola. Effects on other species 
were not studied in detail. However, when native 
serum was used to start a continuous culture, as in 
experiments A and B, it appeared that it greatly 
affected bacterial densities (Table 1) and the final 
bacterial composition (A, Table 2). In В (results not 
shown) P. anaerohius. Streptococcus intermedius, 
and P. micros were the dominating species. 
Enzyme activities 
The capacity of the microflora in the enrichment 
cultures to degrade polymeric substrates was moni­
tored using synthetic substrates. Glycosidase, pepti­
dase and esterase activities were determined in the 
cell fractions and supernatant fluids of the enrich­
ment cultures. Sterile serum was used as a control in 
order to discriminate between serum-derived enzy­
matic action and bacterial enzymatic activities, 
whether cell-associated or excreted. A selection out 
of 110 synthetic substrates is presented in Tables 3 
and 4. 
Glycosidase activities (Table 3) were bacteria-
derived. The enzymatic activities necessary to 
hydrolyse the carbohydrate side-chains of serum 
glycoproteins were present in the cultures grown on 
heat-inactivated serum. Only a-D-mannosidase 
activity was not detected although it can be missed 
easily if present as a weak activity, this is likely to 
have been caused by a lower affinity of bacterial a-D-
mannosidase for the synthetic test substrate, as was 
found in batch-wise saliva enrichment cultures by de 
Jong et al. (personal communication). Cultures on 
native serum lacked in addition the a-L-fucosidase 
and ß-glucuronidase activities. 
Peptidase activities of the cultures are listed in 
Table 4. Several activities were presumed to be host-
derived as they occur also in serum. Supernatant 
activities (results not shown) were generally not sig-
nificantly different from those in serum. Highest 
peptidase activities were mainly cell-associated. Cul-
tures on heat-inactivated serum exhibited signifi-
cantly higher peptidase activities than the cultures on 
native serum (P<c000\). Trypsin-like activity 
tested with N-benzoyl-DL-arginine-2-napthylamide 
(ΒΑΝΑ) was found only in cultures С and E contain­
ing high numbers of T. denticola. All activities listed 
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Table 1 Olycosidase activities in the supci-natant and pellet fraction of ennchment cultures on native (Ν) and heat 
inactivated (HI) serum 
Substrate 
























































*En7)me activities were semiquantitative!у recorded according to the manufacturer ч instructioiib and converted to nanomols sub­
strate hydrolysed per cells in I ml culture or per I ml culture supernatant Neuraminidase activity was determined separately u«ung 
culture pellet fractions and supernatants which had been stored al -80 С which can aflcct the act ivi l> The synthetic subbtralc and the 
enzymatic affinity towards it are considerably different from the PNP derivatives 
tNative and heat-inactivated cera were used as controls 
ÍParamírophenoUPNP)dematives were used 
Table 4 Peptidase d c t w t t e in the pellet fraction of enrichment cultures on native (N) and heat-
mactivated (HI) human serum 
































































































































'Peptidase activities were semiquantitatively recorded according to the manufacturer t inslmctions and con 
verted to nanomoles hydrolysed per cells of 1 ml or per 1 ml culture supernatant, serum 
tNative and heat-inactivated sera were used as controls. 
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CONTINUOUS CULTURE OF SUBGINGIVAL MICROFLORA 
С 
74 
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Figure 3. Glycoprotein degradation monitored by Immunoelectrophoresis in continuous enrichment cultures of subgingival plaque on 
serum 
CI, D1 Total serum proteins of cultures С and D respectively 
C2, D2: Extensive degradation of immunoglobulins showing also cleavage into fragments and an altered electrophoretic mobility due 
to removal of carbohydrate side-chains 
C3-5, D3-5; Extensive degradation of a,-antitrypsin, haptoglobin and transferrin respectively plus an altered electromobility due to 
removal of carbohydrate side-chains 
The upper wells contained reference human scrum, the lower wells culture supernatant Polyvalent and monospecifìc antisera were 
raised in rabbits 
here have been associated with the diseased state 
of the periodontium.1·25·28 Only one peptidase 
activity (L-cystyl-napthylamidase) that was associ-
ated with periodontal disease was not found in 
our cultures. We found however, that L-cystyl-
naphthylamide was hydrolyzed by P. micros PS396, 
an isolate from culture D. Similar esterase activities 
(results not shown) were found in serum and the cell 
fraction. 
Degradalion of serum (glyco-¡proteins 
(Glyco-)proteins in serum could be an important 
source of substrates for bacteria in sub-gingival 
plaque. The extent of the growth of individual 
species or bacterial consortia on serum is likely to be 
dependent on their capability to attack and utilize 
the serum (glyco-)proteins. No significant protein 
degradation could be observed in cultures A and В 
on native serum using immunological methods 
(results not shown) while in С and D protein 
degradation to a varying extent was observed (Table 
5). Albumin, the main serum component and a genu­
ine protein, was degraded to a lesser extent than most 
serum glycoproteins. In contrast to earlier batch-
wise enrichments,43 complete degradation of some 
serum glycoproteins was not found. Three mechan­
isms of glycoprotein degradation could be discerned 
after Immunoelectrophoresis (Fig. 3) and immuno-
nephelometry (Table 5): (I) Altered electrophoretic 
mobility due to removal of carbohydrate side-
chains of glycoproteins (Fig. 3; C,D:2-5). (2) 
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Table 5 Selective protein degradation in continuous LUI-

















































Gammaglobulins (per cent of normal values) 
y'subclass 117 37 6 78 6 
γ
2
 subclass 130 16 3 56 9 
γ
1
 subclass 106 77 4 79 2 
γ* subclass 80 41 I 800 
•Means of duplicati: samples 
proteasc-induced cleaving of immunoglobulins 
into, presumably, the Fc and Fab fragments, as 
described previously by Kilian2 2 resuitmg in ad­
ditional precipitation lines (Fig 3, C D 2) (3) 
Microbial attack of the protem-core resulting m 
extensive degradation of proteins as shown by 
decreases of the immunonephelometnc reaction 
and, or distortions of the precipitation lines after 
Immunoelectrophoresis (Table 5, Fig 3) 
Protein degradation was also determined colon-
metncally The TNBS method ' 5 showed an increase 
duetoliberationoffreeaniinogroups(-)-121 ±49%) 
for cultures on heat-inactivated serum The biuret 
method 2 3 which detects peptide bonds, showed a 
decrease (—14+1 5 per cent) for cultures on heat-
inaclivated serum Carbohydrates were preferably 
consumed reflected by an 80±7 5 per cent con­
sumption of hexoses ( = free glucose + hexoses in 
serum glycoproteins) m cultures on heat-mactivated 
serum and a 55-76 per cent on native serum 
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Acidií fermentation end-produits 
Acetic acid, butyric acid and propionic acid (in 
decreasing order) were the mam fermentation 
products in the enrichment cultures (Table 6) The 
absence of lactic and formic acids, and the produc-
tion of branched fatty acids as a result of amino 
aud fermentation are indicative of growth on, and 
utilization of metabolic products in the enrichment 
cultures The unusual (crmentation products 
isocaproic acid and caproic acid are explained by 
the presence of Ρ апаогоЫич and Eubactenum 
alactolx ticum respectively 
DISCUSSION 
To identify ecological faclors that may be of sig­
nificance in the complex subgingival ecosystem a 
model system was used in which subgingival plaque 
samples were enriched on human serum using con­
tinuous culture This model simulates some of the 
environmental conditions in the gingival pocket 
where the increased flow of gingiva! exudate in 
periodontal inflammation3 presents a continuous 
supply of fresh substrates to the subgingival micro­
flora Moreover, the model allows for the selection 
of slow-growing organisms Phenomena such as 
substrate limitation, a build-up of metabolic 
products and growth-inhibitory toxic products will 
give rise to a diverse community of primary and 
secondary nutnent utilizers with a variety ol 
bacterial interactions 
In addition to strong similarities the species com­
position of the ennchment cultures show consider­
able fluctuations as well Such fluctuations can be 
understood on theoretical grounds as mathematical 
modelling of even relatively simple systems*'' 
show a tendency to a decreased preditiabiiit) and 
longer times required to reach one of the possible 
equillibna Considerable fluctuations were also 
reported by Fréter et al 'J in continuous cultures ol 
cecal mouse flora Yet the holistic approach offers 
distinct advantages The cecal cultures were shown 
to reproduce a variety of bactenai interactions that 
occurred m кто while partial approaches using sim­
plified models generally lead to little more than a 
listing of suspected mechanisms 4 1 The conditions 
in our model system apparently lead to a stable 
periodontal microflora and a similar reproduction 
of bacterial interactions that have been observed in 
vira An example is the establishment ot Τ 
denticola Spirochaetes are ubiquitous in periodon­
tal disease 2 6 ^ Loesche2'*2"' reported that Γ 
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labk ft Acidit rtrnientuuonproducliol continuous cui 
ture (.nriLhmenti. of subgmgnal plaque on native (\) or 
huit m iitivatcd (С F) human strum 
fcxp A (S D ) С E (S D ) 
Produus (mW) η = 4 (niM) η = 12 
l о п т е acid 
\itlu. acid 
Propionic acid 
L actic icid 
[sobut)iic acid 
Bul>nc icid 
Suuin ic acid 
2 Meth>lbut>nc acid 
bovakiicacid 
Valcnc acid 
hoc iproic acid 













































deniiiulti and its trypsin like activity can serve as 
indicators ot the morbidity of a periodontal pocket 
Since Τ clentuola did not become predominant m 
enrichment cultures until after one week of growth 
its presence in certain cultures may be the result of 
lutogemc succession The activity of dental plaque 
organisms on serum apparently causes changes in 
the environmental conditions for example by the 
provision of metabolic products or presence of 
enzyme activities from other bacteria which enables 
Τ dintualu to establish and increase in numbers 
( 2 4 this study) After one week of continuous culti­
vation (Fxp С and Ε) Τ dentttola became pre 
dominant within 2 1 days indicating a growth-rate 
μ = 0 121ι ' The mechanisms of growth stimu 
lation of Τ dt muoia by the accompanying organ­
isms in the culture Ρ micio·, Ρ anatrohms 
Cubaitenum spp Bacltroides spp L latenajormc 
I panula Slrcpio<o(tu\ spp and Fusobaitenum 
nut katum remain to be investigated 
In a previous study 4 1 we have already shown 
that the extensive degradation of serum glyco 
proteins is the result of concerted actions of the 
microflora in the enrichment cultures Organisms 
like Τ deniHola that cannot grow on serum in pure 
cultures (results not shown) are completely depen­
dent of this concerted action for their multiplication 
on serum Others like Ρ murai*3 and Strepto-
((Hcu!, nuns (redits not shown) can grow to a 
limited extent in the absence of other bacteria, 
although they also greatly beneht from concerted 
metabolic actions 
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Little is known whether concerted actions of oral 
bacteria enable them to extensively degrade pro­
teins Frandsen fi al1, report that most isolates of 
oral bacteria are mdividuallv incapable of extensive 
degradation of IgA The extensive or complete 
degradation of serum glycoproteins in our enrich­
ment studies (*3, this study) suggests complemen 
lation of bacterial enzymatic activities 
Oral bacteria preferably consume the carbo­
hydrate side-chains of glycoproteins 2 1 The strong 
decrease in hexose content and the smaller decrease 
m the peptide bonds of serum in our enrichment 
cultures after growth provide further support for 
this view Theexoglycosidases required to hydrolyse 
the carbohydrate side-chains of glycoproteins were 
concentrated in the pellet fraction of the enrichment 
cultures (Table 3) The arylammopeptidase activi 
ties were also largely cell associated indicating 
bacterial adherence to and subsequent degradation 
of glycoproteins 
Considering the enzymatic activities (Tables 3 
and 4) and the bacterial compositions (Table 2) of 
the enrichment cultures it might be concluded that 
rather similar enzyme profiles originate from differ 
ent microbial compositions This suggests that the 
set of enzymes required to degrade serum can be 
produced by different bacterial consortia 
A wide range of arylammopeptidase activities 
was found in the enrichment cultures Some investi­
gators have made attempts to use these arylammo­
peptidase and glycosidase activities as diagnostic 
markers of the activity of periodontal disease or 
the presence of pathogenic species 25 ^ ** *e Most 
of the enzymatic activities earlier suggested to be 
associated with periodontal disease are present in 
our enrichment cultures providing further support 
for the relevance of our in-vitro model system 
The acidic products found in the ennchment cul­
tures are typical of the acidogenesis of anaerobic 
fermentations and result from the lermentation of 
sugars originating from deglycosylation of glyco­
proteins and the fermentation of ammo acids The 
presence of acetic propionic and η-butyric acids as 
the dominant acid end-products suggests heterofer-
mentative metabolisms and amino acid catabohsm 
Secondary utilization of metabolic products is likely 
to take place For example, L caienaforme and 5 
nuns produce lactic acid, which can be condensated 
to caproate by E alaclolyticum9 V párvula can 
utilize both lactic acid and succinic acid,39 a major 
end-product of S mtermedius and Λ odontolyticus 
while formic acid may be consumed in anaerobic 
respiration The production of branched fatty acids 
39 
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by protein-degrading bacteria such as Peptostrepto-
coccus. Bacteroides and Eubacierium6, is likely to be 
a result of amino acid fermentation. The most 
important degradation routes employ dcamination 
of amino acids which can also explain the slightly 
alkaline pH in the enrichment cultures. For 
example, in the Stickland reaction P. anaerobiusc&n 
use leucine as a hydrogen donor and proton accep-
tor to produce amixture of isovaleric and isocaproic 
acids. 
The acidic end-products detected in our enrich-
ment cultures resemble those formed in resting 
monkey plaque' while the ratios of acetic to propi-
onic acid and of acetic to isovaleric acid show a 
close resemblance to the ratios found in human 
gingival fluid.5 However, considerably more butyric 
acid was found in our enrichment cultures. Butyric 
acid is used as an indicator of periodontal inflam-
mation and has cytotoxic effects.5 The amounts of 
acidic fermentation products in serum enrichment 
cultures were about 3 times the concentration of 
acids found in human approximal supragingival 
plaque.14 This may be due to the fact that approxi-
mal plaque, besides some serum-like exudate from 
the gingiva, receives the less-nutritious saliva as a 
major source of substrates. Our results suggest a 
strong similarity between metabolic processes in 
the enrichment cultures and the gingival sulcus/ 
pocket. 
Serum (glyco)proteins in the enrichment cultures 
were not completely utilized. An explanation is that 
the extensive fermentation processes yield metab-
olic products such as butyric acid, S 2 _ , NH 4 " 
which become toxic at high levels. These toxic pro-
ducts may retard bacterial growth and prevent com-
plete utilization of available substrates. Sensitivity 
to these toxic products may well be an ecological 
determinant, as Fréter has shown for S3 " in anaer-
obic continuous flow cultures with a conventional 
cecal mouse flora,'2 
The role of host-defence is for the larger part 
beyond the scope of this study. However, some indi-
cations for the role of complement were obtained. 
When native serum instead of serum with heat-
inactivated complement C3 was used from the start 
of the continuous enrichments, microbial popu-
lations were obtained that utilized serum only to a 
limited extent. However, switching to native serum 
after a continuous enrichment on heat-inactivated 
serum did not affect the enriched microflora. The 
explanation is likely to be that particular species 
that are needed within a stable consortium, are 
killed in the early stage of an enrichment on native 
P. F. TER STEEG FT AL. 
scrum when the ratio of bactericidal components to 
bacteria is unfavourable. Once a climax population 
has been selected, these host-defence factors, 
including immunoglobulins and complement fac-
tors, are degraded by bacterial action. 
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This i.(ud\ »as undertaken to identifv the ecological niches of members ot subgingival microflora The succession of 
speeiesdurmgeniithmentbaiv.h growth of subgingival plaque organisms in wrum was monitored Three phases could 
be distinguished during growth firstlv carbohydrate consumption by rapidly growing saccharolytic bacteria such as 
FtthatUnum ¡ahutnum or Bifidobacterium adoleuentts and Streplococcut ьрр leading to lactic and formic acid 
production Secondly a later phase in which protein was hydrolysed, some ammo acid fermentation took place, 
remaining carbohydrates were used and lactate and formate were consumed, growth was dominated b> Bacierouks 
mtenmtiitnoT BactiroKks oralis I etUonella panuiu Fubaderium^pp and Fvmbacierium nut leuium and a final phase 
charactei ised by progressive protein degradation and extensive amino acid fermentation by the predominant species 
Peplowepioíoi Í us mu roí and Eubai и пит brachi Toxic products such as sulphide ammonia butyric acid and other 
fattv acids accumulated 
ktv WORDS PeptosireptotiKius murot, fuhtuienum Bacieroides Fusobaetermm nutleatum. Periodontitis, Serum 
degradation Niche <jrowth-curve 
INTRODUCTION 
The complexity ot the anaerobic microflora in 
gingival pockets1* has seriously hampered the 
understanding of the aetiology of periodontal dis­
ease Numerous associationb have been reported 
between bacterial species and periodontitis 1 4 How­
ever, the ecological niches of putative pathogenic 
species and the factors controlling their establish­
ment remain poorly understood 
Recent data suggested the importance of host-
derived nutrients as major ecological determinants 
for the oral microflora 1 2 l l > 2 < , These findings 
showed that saliva and serum as a substitute for 
gingival exudate supported the growth of a complex 
oral imcroflora and had a selective effect on the 
composition thereof Batch and continuous culture 
enrichments of subgingival plaque organisms in 
human serum focused attention on consortia con­
sisting of species that are associated with chronic 
periodontitis including Treponema JettKcola Bac-
teroides spp , PeplmrreptuctHcwispp , Eubäcterium 
spp and Fuiohat termm nu< leatum " 20 
In the present expenment we have studied the 
succession of species during batch growth of subg-
ingival plaque organisms m human serum In batch 
(№91 -060X 89 010001 10 SOS 00 
S 1489 bv John W iley & Sons I Id 
Reproduced with permission of John Wiley & Sons» Ltd. 
cultures there is basically a selection for rapidly 
growing primary and secondary utihsers of the 
serum because substrates are m excess In an attempt 
to identify some characteristics of ecological 
niches the appearance of particular species in 
the culture was directly linked with stages of the 
degradation of the available substrates including 
serum (glyco-)proteins 
MATERIALS AND METHODS 
Samplmg 
Subgingival plaque samples were obtained from 
six adult periodontal patients with symptoms of 
chronic periodontitis The pockets involved were 
untreated, 6-9 mm deep and the gingivae showed 
some bleeding upon probing After removal of the 
supragmgival plaque, bacterial samples from the 
pocket were taken with an extirpation needle The 
samples were immediately immersed m 0 5 ml 
Reduced Transport Fluid (RTF 1 2 ) and transferred 
into an anaerobic chamber (Braun, Garching, 91 
per cent N2, 5 per cent C 0 2 , 4 per cent Н 2 , 
0 2 0 4 ppm Oj) The samples from three patients 




The homogenised plaque (0 2 ml) was used to 
inoculate 8 ml of pre reduced heat-inactivated 
(40 mm al Sô^C) human serum The serum was 
provided by the local blood donor service and was 
pooled from five donors After 48 h of anaerobic 
growth at ÌT'C a sample of the culture was 
transferred into fresh serum (100-fold dilution) 
Seven steps of such enrichment steps were used to 
select serum-degrading consortia from the original 
subgingival plaque The final step of the enrichment 
was performed m a ba tch of 100 ml serum in order to 
determine the growth curve of the serum-degrading 
consortium for a period of at least 4 d, that is 8-9 
population doublings At several times during the 
final step ahquots were removed from the cultures 
for vanous analyses Two separate ennchment ex-
periments were performed using different batches of 
serum 
Ph ν чісаі and chemical delermwations 
The pH and redox-polential (Eh) of the cultures 
were measured with a pH and redox electrode com­
bination (Ingold, Urdorf) in the anaerobic chamber 
H 2S production was qualitatively determined in the 
first experiment by blackening of lead-acetate paper 
and later semi-quantitatively with a sulphide ion 
electrode (Orion, Cambridge, MA) according to the 
manufacturer's instructions Optical densities were 
read at 550 ran using a Zeiss PMQ3 spectrophot­
ometer after vortexing samples from the culture 
with glass-beads (0 1 mm) for 30 s and appropriate 
diluting Total hexoses in human serum and culture 
supematanls were determined by the phenol-
sulphuric acid method7 using glucose as a standard 
Total proteins were measured with the biuret 
m e t h o d " using bovine serum albumin as a stan­
dard Fiee ammo acids and ammonia were esti­
mated m the second experiment The total amino 
acid contents of serum and culture supernatant 
before and after growth were also determined after 
acid hydrolysis under nitrogen (6N HCl, 100°C, 
24 h) Procedures were according to the manufac­
turer's instructions using a Biotromk ammo acid 
analyser (LC 6001) 
Acidic fermentation end-products were deter­
mined in ultrafiltrates (1800 g, 30 mm, Amicon 
Micropartition System, Danvers, MA) of culture 
supcrnatants Formate, acetate, lactate, succinate 
and propionate were measured by isotachophore-
sis 8 Iso-butyrate, butyrate, 2-methyl-butyrate, iso-
P F ТГП STEEG AND J S. VAV DFR HOEVEN 
valerate, valerate, iso-caproate and caproate were 
were determined using gas-liquid Chromatograph) 5 
Enzvmaht assays 
Enzymatic activities of the enrichment cultures 
and bacterial isolates from the cultures were 
obtained by assa>ing for 20 glycosidase, 65 pepti­
dase, ten esterase and three phosphatase activities 
using the API-systems (S A Montaheu Vercieu, 
France) as described previously 2 0 As bacterial iso­
lates showed insufficient growth on human serum, 
PY medium1 0 plus 10 per cent serum was used to 
preculîure the isolates for the assays 
Microbiologica! anal) ïe? 
Media, sampling and isolation procedures 
colony selection and isolate identification were 
performed as described before 19 ; o Sampling times 
were selected on the basis of the individual kinetics 
(optical density, pH and Eh) of an experiment 
Bacterial generation times of individual speucs 
were estimated from their increase in time during 
exponential growth in the ennchment cultures Bac-
terial isolates were also screened for their growth in 
human serum in pure culture by measurement of 
OD,^, increase 
Discrimination between E brachi and Ρ anaero-
bius was difficult ' Weak a-D-galauosidase activity 
of E brachy and weak histidine- and glycme-nap-
thylamidase activities of Ρ апаегоЬшч in the API-
An-Ident kit (API-system, Analytab Products, 
N Y ) and a leucine-arylamidase activity of Ρ 
anaerabius in the API-STREP (API-system, S A 
Montaheu-Vercieu, France) were therefore also 
used for discrimination 
RESULTS 
Two separate experiments (Exp I and Exp II) were 
carried out The OD
s w l , redox-potentials and pH 
values are shown in Fig la and b Three growth-
phases could be distinguished in Exp I There was 
no noticable lag-phase The first phase lasted from 
0 10 h and showed rapid exponential growth The 
average popularon doubling time was 2 3 h The 
redox-potential dropped steeply to — 284 mV 
Hexose (free glucose and the hexoses in the carbo­
hydrate side-chains of glycoproteins) was rapidly 
consumed (Fig 2a) resulting m lactic acid produc­
tion (Fig 3a) and a drop of the pH The dominating 
species during this phase was the saccharolytic 
44 
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rigare I Absorbance (5?0 nm), pH and redox-potcntial (Eh) development m serum dunng growth of pooled subgingival plaque after 










Figure 2 Hexose and protan consuropben 2a Exp. I, Hexose (— ), Protón (~ ) 2Ь Bxp. Π 
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Ï igurc 3 Formic IÄCUC and succinic acid producuon (and сопъшпріюп) C5 <2 methyl butyric iso valent, and vaknc) and iso-
caproic acid production 3a Exp I Formicacidt - ) Lactic acid (— ) Succinic acid ( — ) C5 acids ( ~ ) Іьо-саргоіс acid 
(— —) 3b Exp II C5 acids arc not presented separately Approximate ratios are Valerate 2 muhyt butvrate iso valerate —2 5 
1 g l 
Btfidobacienum adolescentis (Table 1) with an 
estimated generation time of I 2 h 
1 he second phase lasting from 10 40 h, showed 
slower exponential growth with a population dou­
bling time of + 9 h The pH declined somewhat in 
the first hours of this phase coinciding with con­
sumption of remaining hexose (Figs la, 2a) Meta­
bolic products such as lactic and formic acids were 
consumed During this phase, protein degradation 
started as revealed by the biuret method (Fig 2a) 
Towards the end of the second phase the higher 
fatty acids, end-products of ammo acid fermen­
tation, were detected (Fig 3a) Bacterotdes oralis 
was a dominating species of the second phase (Table 
1 ) with a generation time of 4 5 h From 30 h til! the 
stationary phase extensive protein degradation 
(Fig 2a) and amino acid fermentation reflected by 
the appearance of higher and branched VFA took 
place 1 he pH went up slowly due to basic product 
formation during amino acid fermentation (Fig 
la) Peptonreploeoccm micros and Eubactenum 
brach) became the dominating organisms The gen­
eration time of Ρ muros was approximately 9 h 
The dynamics of the second experiment were similar 
but not identical to those of the first The first phase 
of rapid exponential growth (a population doubling 
timeof 3 5 h)lasted ISh (Fig lb) Thedominatmg 
organism was now the saccharoljtic Eubactenum 
saburreum, with an estimated generation lime of 2 h 
(Table 1) Only part of the hexoscs in serum prob­
ably the free glucose, was consumed during this 
period (Fig 2b) The pH did not show a significant 
drop during this phase Tn the following period ( 15-
45 h) utilisation of lactic and formic acids again 
took place and remaining carbohydrate was con­
sumed, the pH curve and production of VFA 
showed a fairly similar, though retarded trend 
compared to Exp I (F igs 1 A) Bai leroide^ interme-
dms (doubling time ± 4 h) became one of the predo­
minating species Towards the stationary phase Ρ 
micros and to a lesser extent asactharolytic eubac 
tena again became the predominant organisms 
After 6 days of growth serum proteins were not 
completely consumed The biuret method showed a 
reduction in peptide bonds of 38 per cent while total 
amino-actds were reduced by 39 per cent Interest­
ingly, amino acids, such as glutamic acid, leucine 
and lysine, present in higher proportions in albumin 
46 
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Tablet Microbtalconiposiiion (percentage of total CTI ) during two growth curves ofennched subgingival plaque on 
human sei um Growth of individual species from these cultures on serum is also recorded 
Orouth curve* lime, (h) 
Viti« s 
PeptostrtptiH OÍ Í iv, mu ros 
Fubai и пит brut In 
Fuhuí termiti It Mum 
Fitbüt tenum whurn um 
But uroidL4 imermttlm·* 
BatItrmdei oralis 
Btftdobut tenum adoltsu ntij> 
Fiimbat it пит mcleaium 
\>Ltlhmíllapíir\ulti 
Bat tiroidea рпеитомпи ν 
ЬиЬаіптшт nodaium 
Eubat tenum ψ PSS54 
laclobat illus talmaform! 
PeptoUrtptoctu t us unat robins' 
Streplot oct u ι morhillorum 
Slrcpintottm wngws \ 
Not idenuhed lost 

















































































































•25 and 80 isolates were itidmucrised m growlh-uurve 1 and II respectively Percenuges shown are based on diflercnlu! (.mints 
checked bv Oram sljming and isululc characlertsatiun υί colonial morphoh pes Predominant morpholypcs were repeatedly checked 
bv random selecnon Percentages ofpredommanl species at a particular growth phase arc ш italic 
than in total serum were utilised Іеьь Піе percent­
age reduction of ammo-acids was significantly cor 
related (r = 0 794 /><0 01, η = Ι 4 ) with the ratio 
between the proportions of each amino-acid in 
serum and albumin showing a preference of the mic­
roflora to degrade gl>coproteins Free ammo-acids 
in supernatants of Fxp Η were determined after 
every 24 h A brief summary from these data is pre­
sented in Table 2 Arginine utilisation was represen­
tative of other major ammo-acids These amino-
acids were no longer found aftei 24 h m the superna­
tant (detection limits of ammo-acids were I 5 μΜ/1) 
The reduction of several amino acids measured 
in the scrum and culture supernatant hydrolysate 
was 10 20 mM 1, though, actual levels of these as 
free amino acids were below 5 μΜ 1 indicating an 
efficient utilisation by the microflora Glutamate 
and aspartate were also quantitatively utilised in 
the first phases С omplete alanine utiliiatton and 
S-aminovalenc acid production coincided with the 
increasing dominance of Ρ mtcro\ The stationary 
phases of both cultures were similar Final OD,,,,, 
Eh and pH were almost identical (Fig la,b) 
Growth was arrested though substrate, mainly pro­
tein (Fig 2a b), was still available Loss of viability 
was observed, e g numbers of В mterntedius (Table 
1) 6 x l 0 8 C I U / m l at t = 50h dropped to 
7 χ 106 CFU/ml at t = 100 h The stationary phases 
showed high levels of anaerobic degradation pro 
ducts such as acetic and butyric acids (Fig 4a,b), 
ammonia (over 100 mM l)and sulphide ( + 5 mM/1) 
Bacteria identified arc listed in Table 1 This table 
also shows the growth in serum of the isolates in 
pure culture 
Enzyme actnttiei 
Fnzymatic activities necessary to hydrolyse the 
carbohydrate side-chains of serum glycoproteins 
were found in the cell-fraction of the cultures except 
for u-.D-mannosidase N-acetyl-ß-glucosaminidase 
was found in all tested isolates but also in serum 
47 










Figure 4 Acelic, propionic and C4 ((iso-)butyrH:) acid ргскіисіюл 4a cxp I Acetic acid ( ~ ) Propionic acid ( ) C4-acids 
( ) 4ЪГхр I I С 4 - а с ^ are nol presented separaleïy Approximate ratio is Buiyr.ite к о butyrate=l S I 
Table 2 Free ammo acids levels (μπιοΐ£5
Γ
Ι) in growth-

























Neuraminidase activity was only found in Strepto­
coccus spp a n d £ nodatum PS512 Significant ( > 10 
nanomoles hydrolysed in 4h) ß-D-galactosidase 
activity was demonstrated in В adolescentis and В 
orah% Significant o-D-glucosidase was found in В 
mtermedius, В oralis, В adolescentis E brachy and 
E saburreum a-i-fucosidase activities could not be 
clearly attributed to a species as only weak activities 
among isolates ( < 5 nanomoles hydrolysed m 4h) 
were observed Hydrolysis of 65 amino-aud and 
peptide napthylamide derivatives was tested In 
Exp II, enzymatic profiles of the cultures were 
determined after 18 h when rapid growth was over, 
and after 50 h of growth in the proteolytic and 
ammo-acid fermentation phase Considerably more 
(52 instead of 19) synthetic peptide substrates were 
hydrolysed and higher peptidase activities were 
found after 50 h Napthylamidase activities of the 
cell fraction of this culture and of a selection of 
isolated species лге shown in Table Э Tr\psin-iike 
activities were not detected Highest peptidase 
activities were also found m the cell fractions of 
isolates Ρ muros showed the widest range of 
proteolytic activities being capable of hvdrolysing 
90 per cent of the synthetic peptides that were 
hydrolysed by the cell fraction of batch enrichment 
cultures V párvula and 5 mtermedius io a some-
what lesser extent also exhibited a large number of 
peptidase activities A feature of E saburreum was 
its high arginme-napthylamidase actiwty Some 
ipecies like Eubactenum nodatum PS504 and Fuso-
bactenum nutleatum showed hardly any significant 
napthylamidase activities The non-reactivity of 
some asaccharolytic Eubactenum species in bio-
chemical tests has been reported 6 F nucleatum 
exhibited only one strong reaction, which was the 
hydrolysis of ß-glutamylnaplhylamide 
DISCUSSION 
Enrichment studies of subgingival plaque m human 
serum suggest that the serum components in 
48 
GROWTH OF PERIODONTAL MICROFLORA IN'SERUM 7 
Table Í. Cell bound napthylamidasc activities of enrichment culture H after two growth phases and of bacterial isolates 























































































































































































































































































gingival exudate arc major ecological determinants 
of the subgingival ecosystem.19,20 Selection of fast 
growing or slow growing (in continuous culture) 
primary and secondary utilisers of substrates in 
serum has yielded consortia of microorganisms that 
earlier have been associated with chronic periodon-
titis.1516 The present results strongly suggest that 
the associations of Peptostrepiococcus spp., Eubac-
wrhim spp., Bactcroides spp. and F. mtcleatum with 
disease are likely based on the availability of serum-
like substrates in the gingival pocket. Furthermore, 
these results provide information about possible 
ecological niches and interactions of these species. 
The pattern of substrate degradation in the serum 
cultures of subgingival microflora showed a good 
resemblance to those in other anaerobic fermen-
tation processes by mixed populations of micro-
organisms. For example, in waste water treatment 
a complex microflora first extensively degrades 
carbohydrates and subsequently proteins.1 The 
same sequence was observed during growth of den-
tal plaque microflora on saliva.12 The available 
nutrients in serum include albumin (40-50 mg/ml), 
various glycoproteins (20-25 mg/ml) and some 
free glucose (0-6-И mg/ml). There is substantial 
evidence now that oral bacteria preferentially 
consume the carbohydrate fraction from glyco­
proteins in their environment.12·19,20 The avail­
ability of carbohydrates favoured fast-growing 
saccharolytie organisms such as B. adolescentis and 
49 
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Table 3 lontmued 





































































































































































































































On]) cell bound enzymatic activities are presented as the major enzymatic activities of the cultures were concentrated in the cell 
fractions after centnfugation ± 0 06 mL of the pellet suspensions having an OD^ of about 2 0 was added to every lest cup Enzyme 
dUi\ ities are expressed according to the manufacturer s instructions 0=0 nanomoles of substrate per cup hydro!) sed 1 ^5 nano-
molcs 2^ 10nanomoles,3 = 20nanomçiles.4 = 30nanomoles and5^40nanomoles 
to a lesser extent E saburreum and Streptococcus In the second growth phase, when attack of the 
sanguis I in the initial phase Despite simtlantttes, protem-соте of (glyco-) proteins took place, В mter-
difTerences in hexose consumption between the two médius and В oralis became dominant, В mterme-
expenments were observed at the level of the bacter- dius predominated while there was still carbohyd-
tal species involved E saburreum consumed only rate of glycoprotein side-chains available, В oralis 
glucose during the rapid growth phase while a con- thrived in a situation after the glycoproteins were 
sortmm of В adolescentis and S sanguis I possess- stopped Bacteroides spp were reported to degrade 
tng complementary glycostdase activities rapidly a number of serum glycoproteins 3 21 В oralis was 
consumed the carbohydrate present in the side- not included in that study but it can cleave IgG 
chains of glycoproteins As excess carbohydrate is a (unpublished data) В mtermedius was reported to 
condition unlikely to occur in periodontal pockets, extensively degrade IgG, C3, transferrin and albu-
it is not surprising that these species are not mm 3 2 1 Carlsson et al suggested that degradation 
reported to be frequently encountered in penodon- of albumin by bactena in polymicrobial infections 
tal pockets nor were they detected in continuous may avoid competition with this protein for the 
culture enrichments.20 haem available in tissues 3 Generally we have found 
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m our polymicrobial cultures that albumin degra­
dation was considerably less than glycoprotein 
degradation19 2n making ¡t unlikely that albumin 
degradation would be a virulence factor of import-
ance В mtermedius has been reported to ferment 
the amino acids aspartate asparagine, cysteine and 
serine l ' The drop in number of В mtermedius in 
the stationary phase m this and previous1' studies 
might well be due to accumulation of sulphide 
ammonia and fatty acids It is not surprising that 
asaccharolytic proteolytic species became the 
predominant organibms m the final stages, of the 
cultures serum being a relatively carbohydrate-
poor substrate Energy can be obtained by the 
Stickland reaction 2 This coupled oxidative and 
reductive dcamination of ammo-acids has been 
demonstrated in Peptnitreptococcus spp like 
ö aminovaleric acid resulting from proline reduc-
tion 4 The ecological niche of Ρ micros may be 
related to its wide range of peptidase activities The 
increase of this organism at later stages of the 
culture indicated that it can grow even when (poten­
tially) toxic degradation products are accumulating 
Furthermore virulence factors such as hyalurom-
dase have been identified in this species 2 ' It may be 
of interest, that m the continuous culture enrich­
ments in human serum an inverse relation seemed 
to exist between Ρ muros and 7" clenlicola20 
suggesting that the substrates of their niches may 
show some overlapping 
í hraihi and E nodatum were previously ident-
ified as an unnamed Вас leroidet sp and a presumed 
ііНпотмеч species " Their appearance and that 
of other asaccharolytic Fuhaaermm spp as 
observed here and previously" 2 0 was less clearly 
linked to a particular stage of serum glycoprotein 
degradation However, growth stimulation of £ 
nodatum by lysine and arginine, stimulation by argi­
nine of E lentwn the fermentation products of / 
brach) and E nodatum and the ammonia produc­
tion ol the group6 also point to ammo-acid fermen­
tation specialisation Anaerobic respiration may 
also be a source of energv as E lentum has been 
reported to contain formate and nitrate reducing 
cytochromes ' 7 1 8 
Interestingly individual species grew poorly in 
serum in accordance with data published earlier 2" 
This shows that it is their concerted action that 
resulted in extensive serum degradation and high 
bacterial densities The point can be raised, what 
significance consortia of periodontal bactena 
growing in scrum could have for understanding the 
aetiology of periodontal disease Tew et al14 
9 
suggested that severe periodontitis may be identified 
in most cases by using a cocktail of antigens against 
Ρ micros E brachi and a biotype o f f nudeatumm 
a radioimmunoassay Our finding that these species 
often predominate in consortia of serum-degrading 
bacteria suggests that more or less specific groups of 
microorganisms are characteristic for severe perio­
dontitis In addition to a search for virulence tactors 
of single putative pathogenic species, it may well be 
worthwhile to consider the role of specific consortia 
in periodontitis and other anaerobic infections 
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INTRODUCTION 
Increasing evidence has accumulated that severe periodontitis can be 
characterized as a polymicrobial infection (Moore 1987; Tew et al. 1985). 
It has been suggested that the complex anaerobic microflorae in these 
infections are determined by the continuous supply of host-derived nutri-
ents such as the serum components of gingival exudate (ter Steeg et al. 
1987; 1988; 1989a). Using human serum as a substitute for gingival exudate 
in enrichment cultures of subgingival plaque led to the accumulation of 
consortia of periodontal bacteria. These consortia could extensively 
degrade serum while individual species were not or only poorly capable of 
growth on serum (ter Steeg 8 van der Hoeven 1989a). Interestingly, the same 
microorganisms found in the serum enrichment studies were reported to 
predominate in anaerobic infections of various body sites (Hill et al. 
1987; Murdoch et al. 1988; Tew et al. 1985). Resolving the structure of 
such consortia will enhance the understanding of polymicrobial anaerobic 
infections. 
Bacterial interdependencies within consortia can be manyfold: provision 
of growth-factors, creation of a suitable physicochemical environment (p0?, 
redox-potential, pH), complementary enzymatic activities and elimination of 
the host-defences. The aim of the present study was to search for 
synergistic relations by complementing enzymatic action on the level of 
substrate utilization. Oral bacteria preferentially degrade glycoproteins 
(de Jong & van der Hoeven 1987; ter Steeg et al. 1987; 1988; 1989a). IgG 
was chosen as model substrate for glycoprotein degradation as IgG is the 
major glycoprotein in serum and gingival exudate and an important host-
defence factor in periodontal pockets (Newman 1980; Tolo & Brandtzaeg 
1982). Attempts were made to identify bacterial synergism in IgG degrada-
tion, and growth on serum. 
MATERIAL AND METHODS 
Bacterial strains 
Strains were isolated from serum degrading consortia obtained from previous 
batch and continuous culture enrichments of subgingival microflora on human 
serum (ter Steeg et al. 1987; 1988; 1989a). Strains that were used in the 
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final reconstitution experiments were Bacteroides intermedi us Ny365, 
Bacteroides oralis Ny367, Bifidobacterium adolescentis Ny369, Eubacterium 
alactolyticum PS406, Eubacterium brachy Ny402, Eubacterium nodatum Ny3931 
Eubacterium saburreum Ny396, Eubacterium sp. Ny399, Fusobacterium nucleatun 
Ny373, Lactobacillus catenaforme Ny374, Peptostreptococcus anaerobius 
Ny407, Peptostreptococcus micros Ny370, Streptococcus sanguis U PS094, 
Treponema denticela Ny375 and Veillonella párvula Ny368. 
Conservation and cultivation 
Bacterial isolates were stored in skim milk (-80oC). Cultivation was car-
ried out on enriched cysteine blood agar (ECBA, ter Steeg et al. 1988) in 
an anaerobic chamber (Braun, Garching, FRG; 91% Ν», 5% CO-, 4% Η., 0.2-0.4 
ppm 0 2, 37
0C). PY-medium (Holdeman et al. 1977) + 10% heat-inactivated 
(30', 560C) human serum was used to precultivate isolates for tests. Swab 
plates were made when strains grew insufficiently in the liquid medium. 
Heat-inactivated serum was also used to test growth of isolates in cocultu-
res after inoculation from plates. The serum was provided by the local 
blood donor service and it was pooled from 3 donors. Bacterial growth was 
determined by increase of the optical density of cultures at 550 nm (0D550) 
measured in a Zeiss PMQ3 spectrophotometer. 
Detection of immunoglobulin G protease activity 
Isolated strains from enrichment cultures were screened for IgG-degrading 
capacity. After precultivation for 48 h on liquid medium or solid medium, 
bacterial cells were harvested by centrifugation (18,000 χ G, 15') or 
collected with a cotton swab respectively. Cells were resuspended in pre-
reduced heat-inactivated human serum. The final bacterial 0D550 was 2.0 in 
the test. For the reconstitution experiments equal amounts of cells were 
pooled adding up to a final turbidity of app. 2.0. After 24 and 96 h of 
incubation aliquots were removed, centrifuged (12,000 χ G, 10') and the 
supernatants were stored at -80 С for various analyses. Degradation of IgG 
(and IgA and IgM) was detected by immunoelectrophoresis (IEP) using stan­
dard procedures. The IEP patterns were developed with polyvalent antisera 
raised against total human immunoglobulins in goats. If immunoglobulin 
fragments were observed, identification was performed by specific antisera 
against the heavy chains of IgA and IgG raised in goats and by commercial 
(Nordic, Tilburg, NL) antisera directed against the Fc part and against the 
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Fdy and light chains of the Fab part of normal human IgG raised in swines. 
In a number of cases IgG and IgA were also quantitatively measured by 
semi-automated immunonephelometry using specific antisera against human IgA 
and IgG raised in rabbits (Dako, Glostrup DK). A total serum protein degra-
dation IEP pattern was determined for those species that were capable of 
IgG degradation. 
It shoud be noted that as antisera are directed against epitopes of pro-
teins. Bacterial degradation of a protein may (not) affect that particular 
epitope. Accordingly, results of immunonephelometric quantification do not 
necessarily have to be representative of the whole molecule. However, the 
immunonephelometric findings (ter Steeg et al. 1987; 1988) that enriched 
periodontal consortia preferably degrade glycoproteins (IgG in particular) 
instead of albumin are supported by differences in degradation between 
amino acids (ter Steeg & van der Hoeven 1989a). Amino acids present in 
higher proportions in IgG than in total serum show higher degradation 
percentages {unpublished data, n=13, r=0.820, p<0.01). 
Chemical assays 
Other general parameters of serum (glycoprotein) degradation were deter-
mined to support immunochemistry data. Total hexoses in serum and serum 
supernatants after incubation were measured by the phenol-sulphuric acid 
method (Hodge S Hofreiter 1962) using glucose as a standard. Extinctions 
were determined at 485 nm. Protein consumption was assayed by the biuret 
method using bovine serum albumin as a standard (Koch & Putnam 1971). 
N-acetyl-neuraminic acid was enzymatically determined in a colorimetrie 
assay (Boehringer, Mannheim, FRG) according to the manufacturer's instruc-
tions. 
RESULTS 
Screening of bacterial isolates 
Prior to the reconstitution experiments testing for bacterial synergism 
relations in IgG degradation, and growth in serum, it was necessary to 
characterize further the variety of isolated species from previous enrich-
ments of subgingival plaque in human serum. In previous studies (ter Steeg 
et al. 1987; 1988; 1989a; unpublished data) a number of isolates had been 
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Table 1 Immunoglobulin (lg) degradation and sialic acid decrease in serum 
by oral bacteria isolated from serum degrading consortia. 
Qualitative degradation of immunoglobulins % decrease of 




B. adolescenti s 
E. brachy 
E. nodatum ) 
F. nucleatum 
P. micros 
















































Cleavage (С) of IgG into Fc and Fab fragments 
+ stands for complete disappearance of respective IEP 
precipitation lines; + means partial decrease and/ or distortion 
of precipitation line. Both imply bacterial degradation. Except 
for IgM, disappearance of this line may reflect dissociation. 
Capable of hydrolysing umbelliferyl-o-D-N-acetyl neuraminate, a test 
substrate for sialidase activity (ter Steeg & van der Hoeven 1989a). 
tested for growth in serum, glycosidase including sialidase, and peptidase 
activities towards a series of synthetic substrates. For the present study, 
30 strains of 25 bacterial species were tested for immunoglobulin degrada­
tion. A selection of this screening after 96 h of serum incubation is shown 
in Table 1. Only B^ intermedius, B^ oralis and E^ nodatum were capable of 
IgG cleavage and/or extensive breakdown. The immunoglobulin degradation 
patterns of these strains are shown in Fig.la-e. In addition, a selection 
from the other species is presented based on their associations with perio­
dontitis or stages (Table 2) of serum breakdown in an enriched consortium 
(ter Steeg & van der Hoeven 1989a). Disappearance of the faint IgM IEP 
precipitation line was frequently found among tested species.This phenome­
non does not necessarily reflect degradation. Partial dissociation of the 
multimene IgM could lead to such an effect. Serum protein IEP patterns 
showed that B^ intermedius, E^ nodatum and iL oralis were also capable of 
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a 
Fig.l IEP patterns of serum immunoglobulin degradation after incubation 
with oral bacteria isolated from serum degrading consortia. Wells 
marked with с contained reference human serum. Monospecific and 
polyvalent antibodies were raised in swine and goat respectively. 
la Cleavage of IgG, degradation of IgA and disappearance of IgM by jL 
oralis. 
lb Complete degradation of immunoglobulins by B^ intermedius. 
Ic-e Cleavage of IgG(c) and partial degradation of the Fc fragment(e), 
partial degradation of IgA by E. nodatum (d). 
If Upper well shows IgG cleavage into Fc and Fab after 24 h of incuba­
tion with B^ intermedius and К micros. Lowest well shows degrada­
tion after 96 h of incubation and growth. The Fc fragment has been 
consumed. 
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degrading other proteins such as a -antitrypsin, complement C3c, transfer­
rin and albumin (results not shown). 
In addition, the degradation of sialic acid in serum is presented in 
Table 1. Removal of sialic acid, the terminal sugar of the carbohydrate 
side-chains of serum glycoproteins, may be important in initiating break­
down. The IgG-cleaving species, despite that the two Bacteroides species 
had been previously (ter Steeg & van der Hoeven 1989a) found to be incapa­
ble of hydrolysing the synthetic substrate, degraded natural sialic acid. 
Reconstitution of a serum degrading consortium 
Aim was to identify bacterial synergism in IgG degradation, and growth in 
serum within a consortium. For the reconstitution we chose a consortium 
isolated from a batch culture enrichment of subgingival microflora (ter 
Steeg & van der Hoeven 1989a). We selected species on the basis of their 
association with stages of serum breakdown and predominance within this 
consortium. The question as to whether these associations pointed to possi­
ble key-roles of particular organisms led to the experimental design summa­
rized in Table 2. Table 2 shows the 'success' of combinations of species 
and their respective link with stages of serum breakdown in growth on 
serum, degradation of IgG and IgA, and hexose, sialic acid and protein 
consumption after 72 h of incubation. 
Combination 1: B^ adolescentis complemented with S^ sanguis II possessing 
sialidase activity removed part of the carbohydrates of glycoproteins. 
Neither their action nor that of the set P^ micros and E^ brachy (Comb.6) 
nor of a combination (8) of these four organisms and F^ nucleatum, were 
sufficient to get access to the protein-core. The success of combinations 
of these species was dependent of the presence of B^ oralis. Without B. 
oralis no immunoglobulin degradation occurred and growth and serum degra­
dation was considerably less. 
E. nodatum and B^ intermedius were not used in such detailed reconstitu­
tions. Е^ nodatum did not show a similar strong association with the 
initial stage of protein-core attack like the two Bacteroides species. B. 
intermedius did not require complementing partners in IgG degradation. 
Growth tests on serum gave variable or no increases in turbidity making it 
a less suitable candidate for a detailed synergy study. 
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Table 2 Growth, Immunoglobulin G and A degradation, hexoses, sialic acids and protein consumption 
by recombined bacteria from a serum-degrading consortium of oral bacteria and their 
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6 С 12 
8 С 12 
10 С 21 
1 С 9 
0 0 
2 С 7 
0 0 
12 С 21 
Consumption 
Hex- Sialic Prot-
oses acids ein 
% % % 
21 23 0 
48 74 4 
49 86 8 
39 84 6 
44 69 2 
12 19 0 
41 70 2 
21 25 г 
53 84 16 
Initial concentrations of IgG and IgA were 17,1 and 8.0 mg.ml" respectively. 
С stands for cleavage of iitmunoglobulin G into Fc and Fab fragments. Degradation 
percentages were determined by immunonephelometry. 
Table 3 Co-cultures of P. micros with other members of periodontal serum 
degrading consortia in human serum: Growth and immunoglobulin A 






















IgG-cleavage and growth on human serum 
Other combinations of organisms were tested for whether IgG or more general 
protein cleaving was essential to extensive growth on serum. P^ micros is a 
dominant organism after batch culture enrichment of subgingival plaque on 
human serum (ter Steeg et al. 1987; 1989a) and a (poly-)peptide and amino 
acid fermenting specialist. Co-cultures of P^ micros and the IgG-cleavers 
showed IgG degradation and good growth ( Table 3). Fig. If shows the cleav-
age of IgG and subsequent consumption of Fc by the combination P^ micros 
and B^ intermedius. Replacing IgG-cleavers by proteolytic but non-IgG 
cleaving species such as T^ denticola or V^ párvula gave no growth enhance-
ment or serum degradation (Table 3 (and 2)). Reconstitution (>90Ж of the 
predominant microflora after enrichment) of two other isolated consortia 
(ter Steeg et al. 1987; 1989a) confirmed the success of a serum degrading 
consortium including an IgG cleaving organism. Inoculating P^ micros, E^ 
brachy, S. sanguis II, F^ nucleatum and L^ catenaforme plus the IgG-degra-
ding B^ intermedius and E^ nodatum into human serum yielded a culture with 
an OD550 of 22, 33% protein degradation, complete hexoses and sialic acid 
consumption, and IgG-cleavage and consumption (>80%). The other consortium 
without S^ sanguis II and L catenaforme but with E^ saburreum and Eubac­
terium sp. PS554 gave an 0D550 of 13, 14% protein degradation and IgG-
cleavage and consumption. Omitting the cleavers yielded cultures with an 
OD550 of 1-2, and no significant protein or IgG degradation. 
Species associated with a successful consortium without an IgG cleaver 
were also recombined (ter Steeg et al. 1988) : Т^ denticela, E. 
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alactolyticum. Ρ, anaerobius, L. catenaforme P. micros, V. párvula and F. 
nucleatum. The culture reached an 0D550 of 11, 19% of the available protein 
was degraded and IgG cleavage was found. However, virtually no IgG consump-
tion (-1%) was detected immunonephelometrically contrasting with IgA 
degradation (-62%). 
DISCUSSION 
Enrichment of subgingival dental plaque on human serum led to the accumu-
lation of polymicrobial consortia (ter Steeg et al. 1987; 1988; 1989a). 
Members of these consortia were individually incapable of extensive growth 
on human serum but their concerted action resulted in preferential degrada-
tion of serum glycoproteins. In previous experiments, associations between 
shifts in the microbial composition and the various stages of serum 
glycoprotein breakdown were made (ter Steeg & van der Hoeven 1989a). EL 
intermedius, BL oralis and to a lesser extent E^ nodatum were associated 
with the initial breakdown of the protein-core after (partial) removal of 
carbohydrate side-chains. The present results strongly suggest that the 
key-role of these organisms within a serum-degrading consortium is their 
immunoglobulin G cleaving or, in general, protein-core attacking ability. 
Removal of carbohydrate side-chains by saccharolytic organisms such as B^ 
ado!escenti s and S^ sanguis II was not found to be essential for IgG cleav-
age or the success of a consortium in growth and protein degradation. 
Apparently, the action of protein cleavers makes glycoproteins accessible 
as substrate to peptide and amino acid fermenting specialists such as P. 
micros, E. brachy and F^ nucleatum. The provision of protein-cleaving 
enzyme activities to these species is not a one way synergy. The cleaving 
organisms seem to benefit from other organisms when growing in serum as 
well. A mechanism of growth support is suggested by the observation that B^ 
intermedius and EL oralis, though capable of using amino acids for growth, 
merely possessed endopeptidase activities (ter Steeg & van der Hoeven 
1989a). Р^ micros or other organisms, capable of hydrolysing a wide range 
of peptides (ter Steeg & van der Hoeven 1989a), may provide the required 
exopeptidase activities. Specific sets of enzyme activities are necessary 
to degrade IgG or grow on serum or salivary glycoproteins (Beighton et al. 
1986; ter Steeg et al. 1988; 1989a). These substrates can be utilized by 
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different microbial consortia whose members possess complementing enzyme 
patterns. 
Heat-inactivation was employed to eliminate Interference between serum as 
a bactericide and as a substrate, making synergistic relations in terms of 
inactivating the host-defences beyond the scope of this study. The use of 
native serum did not influence the microflorae after batch-wise enrichments 
(ter Steeg et al. 1987; 1989a) or of a continuous culture enrichment after 
development of the climax population (ter Steeg et al. 1988). These enrich-
ed microflorae possess mechanisms to evade or even consume host-defence 
factors. These mechanisms can also be of importance in vivo where these 
species encounter a diverse host-defence response. Removal of carbohydrate 
side-chains of IgG will impede the reactivity of the Fc part and may, in a 
similar manner to cleavage of IgG in the hinge region, interfere with all 
functions associated with the Fc part of the molecule like complement 
activation, binding to Fc receptors of macrophages and the induction of 
antibody dependent cellular cytotoxicity (Kilian et al. 1988; Nose & Wig-
zell 1983). KiHan et al. (1988) suggested that released Intact Fab frag-
ments of IgA bound to surface epitopes will protect the bacterium from the 
immune system by blocking access of intact antibody molecules of the same 
or other isotypes and of immunocompetent cells. The observation that Fab of 
IgG is also not degraded by a consortium of EL intermedius and P^ micros, 
while they degrade (grow on) the Fc part, may Indicate a similar function 
in vivo. Interestingly, Van Winkelhoff (personal communication) found 
particular high levels of these two species in refractory periodontitis. 
Black-pigmented Bacteroides spp. are reported to degrade host-defence 
glycoproteins and to inhibit opsonization of other species (Sundqvist et 
al. 1985; Tofte et al. 1980). Furthermore, they are capable of releasing 
iron by cleaving iron-glycoproteins (Carlsson et al. 1984). These examples 
may present other mechanisms of synergism within a serum degrading consor-
tium. These highly proteolytic consortia possess a wide range of putative 
virulence factors like the degradation (actually, consumption) of host-
defence factors and iron-containing glycoproteins, and the production of 
sulfide, ammonia, butyric acid and other cytotoxi'ns (ter Steeg et al. 1987; 
1988; 1989a). It is not surprising that improved cultivation and identifi-
cation methods have led to increasing evidence of their predominance in 
polymicrobial infections. For example, the combination EL intermedius and 
P^ micros in refractory periodontitis; severe periodontitis is often 
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identified when finding antibodies against the set F4 micros, E. brachy and 
tj_ nucleatum (Tew et al. 1985); asaccharolytic Eubacterium spp. and f\ 
micros have been isolated from several types of polymicrobial abscesses 
(Hill et al. 1987; Murdoch et al. 1988). It may be convenient to look for 
specific indicator organisms for diagnostic purposes in anaerobic polymi-
crobial infections. An understanding of the nature of these infections may 
be enhanced by consortium-directed approaches. 
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INTRODUCTION 
In recent years evidence has accumulated that the species Treponema 
denticola is generally present in high proportions in severely inflamed 
sites of periodontitis {Loesche et al. 1987; Simonson et al. 1988). As a 
consequence, this organism is suggested to be an etiologic agent in 
periodontitis (Moore et al. 1983). 
A major ecological determinant of the microflora in periodontitis seems 
to be the increased availability of serum components from gingival exudate. 
These conditions favour serum (glyco-)protein-degrading consortia of micro­
organisms. Earlier work has demonstrated that L·^ denticola can be isolated 
as a predominant species after enrichment of subgingival plaque In chemo-
stats using human serum as culture medium (ter Steeg et al. 1988). A 
dependency of 14 denticola on other micro-organisms was noted by Hampp and 
Mergenhagen (1961) and Macdonald et al. (1963) but the nature of these 
interactions was not identified. Recent findings suggest that bacterial 
interactions originating from host-derived substrate utilization are major 
ecological factors of the microenvironments in the oral cavity (Beighton et 
al. 1986; De Jong & van der Hoeven 1987; ter Steeg et al. 1987; 1988; 
1989a; 1989b). 
The aim of the present study was to search for periodontal organisms in 
serum-degrading consortia, that are involved in growth enhancement of T. 
denticola. Identification of these organisms and the mechanisms of growth 
stimulation may elucidate how bacterial interactions can explain the 
development of pathogenic microflorae. 
MATERIAL AND METHODS 
Summary of experimental strategy 
The search for periodontal micro-organisms capable of growth enhancement of 
T. denticola in human serum, was restricted to a limited number of 
representative species isolated from enrichment cultures of periodontal 
plaque in serum (ter Steeg et al. 1988; 1989a). Criteria were: 
1) co-isolation with ТЧ denticola from previous enrichment cultures; 2) 
association with stages of (glyco)protein degradation; 3) other potentially 
interesting characteristics (Table 1) (ter Steeg et al. 1988; 1989a; 
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1989b). The search included the following steps: 
a) Screening of growth of Τ\ denticola in batch-wise co-cultures with 
single and multiple (1-8) species. The number of test combinations was 
limited for practical reasons; b) Testing of culture supernatants of 
(combinations of) species as medium for T^ denticola; c) Alternative 
testing of a successful combination in continuous culture; 
Bacterial strains 
Strains were isolated from serum-degrading consortia obtained from previous 
continuous culture and batch culture enrichments of subgingival microflora 
on human serum (ter Steeg et al, 1987; 1989a). Growth enhancement experi­
ments of Treponema denticola Ny375 were carried out with Bacteroides 
intertnedius Ny365, Bifidobacterium adolescentis Ny369, Eubacterium alacto-
lyticum PS406, Eubacterium brachy Ny402, Eubacterium lentum PS538, 
Eubacterium nodatum ^393, Eubacterium saburreum Ny396, Fusobacterium 
nucleatum Ny373» Lactobacillus catenaforme Ny374, Peptostreptococcus 
anaerobius Ny407, Peptostreptococcus micros Ny370t Propionibacterium acnes 
Ny371, Streptococcus mi ti s PS301 and Veillonella párvula Ny368. 
Conservation and cultivation 
Bacterial isolates were stored in skim milk (-80oC). Cultivation was 
carried out in an anaerobic chamber (Braun, Garching, FRG; 91% N-, 5% CO-, 
4% H_, 0.2-0.4 ppm 09, 37 C). T. denticola was maintained in pre-reduced 
HPY-SC* (Holdeman et al. 1977) broth. Thiamine pyrophosphate (25 iig.mL 
final concentration), volatile fatty acids solution (Holdeman et al. 1977), 
Na2C0, (0.05 % w/v) and 10% (v/v) newborn bovine serum were added asepti-
cally after autoclavation. All other strains were cultivated on enriched 
cysteine blood agar (ECBA) (ter Steeg et al. 1988) or in PY-medium (Holde-
man et al. 1977) + 10% heat-inactivated (30', 560C) human serum (HS). All 
co-cultures were grown in HS. The serum was provided by the local blood 
donor service and it was pooled from at least 3 donors. Inoculation of 
co-cultures es was directly from agar plates or from the liquid pre-cultu-
res using at least 100-fold dilution. Co-culture studies were mainly 
carried out batch-wise but occasionally in a 5 mL chemostat as described 
previously (ter Steeg et al. 1988). Growth stimulation of Т^ denticola was 
also investigated using culture filtrates of the above strains grown in HS. 
Culture filtrates of B^ intermedius, F. nucleatum and E^ nodatum grown in 
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PY-medium + 10% HS were also tested for growth stimulation. 
Growth of 1\ denticola was determined by enumeration in a Hawskley 
counting chamber and by increase of the optical density at 550 nm (0D550) 
measured in a Zeiss PMQ3 spectrophotometer. Growth of other bacteria was 
additionally determined by plating after serial dilutions. 
Physical and chemical determinations 
The pH and redox-potential (Eh) of the cultures were measured with a pH and 
redox electrode combination (Phoenix, Austin Texas). Total proteins in 
serum and culture supematants were measured with the biuret method (Koch & 
Putnam 1971) using bovine serum albumin as a standard. Consumption of free 
amino acids by IN denticola was estimated by ion-exchange chromatography of 
samples of serum culture filtrates taken before and after growth. Proce-
dures were according to the manufacturer's instructions using a Biotronik 
amino acid analyzer (LC 6001). Acidic fermentation end-products were 
determined in ultrafiltrates (1800 g, 30 min, Amicon Micropartition System, 
Danvers, MA) of culture supematants. Formate, acetate, lactate, succinate 
and propionate were measured by isotachophoresis (van der Hoeven et al. 
1978). Iso-butyrate, butyrate, 2-methyl-butyrate, iso-valerate, valerate 
and iso-caproate were determined using gas-liquid chromatography (Hazen & 
van den Boogaard 1982). 
Enzymatic assays 
Enzymatic activities of T^ denticola Ny373 were determined by assaying for 
20 glycosidases, 65 peptidases, 10 esterases and 3 phosphatases using the 
API-systems (S.A. Montai ieu-Vereieu, France) and for neuraminidase as 
described previously (ter Steeg et al. 1988). 
RESULTS 
Characteristics of strains 
Table 1 presents a number of potentially interesting characteristics of 
strains selected for the T^ denticola growth enhancement tests. These 
characteristics included glvcosidase and peptidase activities complementary 
to those of 1\ denticola which enzymatic profile is shown in Table 2. 
Complementary enzyme activities were suggested to be an important mechanism 
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Table 1 Characteristics of bacterial species isolated from serum degra-
ding consortia of potential interest to growth enhancement of T. 
denti col a. 
Species 1) Characteristic 
Veil lonelia párvula Complementary peptidase activities (Table 2) 
Streptococcus mi ti s Sialldase activity 
Peptostreptococcus micros Wide range of peptidase activities 
Bacteroides intermedi us Core attack of (glyco)proteins; a-D-fucosidase 
and sialidase activities; Production of 
isobutyrate; 
Fusobacterium nucíeaturn Production of isobutyrate 
Propionibacterium acnes a-D-mannosidase activity 
Eubacterium nodatum Core attack of (glyco)proteins; Sialidase 
activity; Isobutyrate production; 
l) Glycosidase and peptidase activities of Ч párvula, P. micros, B. inter-
medi us, F^ nucleatum and E^ nodatum have been described previously (ter 
Steeg & van der Hoeven 1989a). Ek intermedius is not capable of hydro-
lyzing the synthetic sialidase substrate but has been shown to degrade 
sialic acid in serum (ter Steeg et al. 1989b). 
for serum (glyco)protein degradation (ter Steeg et al. 1989b). Core attack 
of (glyco)proteins can make these molecules accessible as substrates (ter 
Steeg et al. 1989b). Removal of sialic acid may initiate degradation of 
carbohydrate side-chains of glycoproteins. The production of iso-butyrate 
is indicated since this compound was reported to be a growth factor of 14 
denticola (Socransky et al. 1964). 
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Table 2 Cell bound enzymatic activities of T. denticela and possible 
complementation by V^ párvula to obtain the peptidase profile of 
.1) 















































































































Table 2 continued 
L-leucyl-L-leucyl-L-valyl-L-tyrosyl-L-serine 0-1 1 

























1) The enzyme profile of \L párvula has been published previously (ter 
Steeg & van der Hoeven 1989a). Only cell-bound enzymatic activities of 
T. denticola and V^ párvula are presented as the major enzymatic activi-
ties of these species and, similarly, in enrichment cultures were 
concentrated in the cell-fraction. + 0.06 mL of the pellet suspensions 
having an 0D550 of 2.0 was added to every test cup. Enzyme activities 
are expressed according to the manufacturer's instructions: 0 = 0 
nanomoles of substrate per cup hydrolyzed; 1 = 5 nanomoles; 2 = 10 
nanomoles; 3 = 20 nanomoles; 4 = 30 nanomoles; and 5 = >40 nanomoles. 
2} Neuraminidase activity was assayed using aimronium-4-methylumbeniferyl-
-a-D-N-acetylneuraminate (ter Steeg et al. 1988). 
Growth stimulation of T. denticola by single strains 
As a first step, it was tested which single organisms were capable to 
enhance growth of 1\ denticola in batch co-cultures in human serum, 
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Table 3 Growth enhancement of 1\ denticola by V^ párvula, 8. intermedias, 
F. nucleatum and Е^ nodatum in co-cultures in human serum or 













in human serum 
T. denticola 







serum PY+10% serum 
T. denticola 
OD OD cells per mL 
<0.01 <0.03 З Л О 6 
<0.01 N.D. N.D. 
<0.01 0.26 З Л О 8 
<0.01 0.36 5.108 
<0.01 0.54 8.108 
1) Virtually no growth of T. denticola without supporting organisms in 
serum or in PY + 10% serum. 
2) Growth of the test strains in pure culture in serum. B. intermedius 
showed variable growth in human serum, the highest density obtained is 
given here. 
5 6 Inoculation densities of jL denticola were 10-10 spirochetes per mL. 
Growth was judged positive when the numbers of spirochetes increased till 
at least 2.10 .mL" after one week. All bacterial strains were tested. Only 
Veillonella párvula, Bacteroides intermedius, Fusobacterium nucleatum and 
Eubacterium nodatum were found to stimulate growth of 1\ denticola. 0D550 
and numbers of spirochetes in these co-cultures are presented in Table 3. 
It was observed that 1\ denticola generally occurred in aggregates with V. 
párvula. 
Growth stimulation of T. denticola by combination of strains 
A second step was to investigate whether growth enhancement could be enlar-
ged by a mixture of species. 35 combinations of 2-7 species were selected 
based on characteristics presented in Table 1 or predominance in serum 
degrading consortia. A selection is shown in Table 4. Addition of 1 or 2 
more test strains had generally very little effect. Only in complex 
co-culture (example 7, Table 4), growth of T. denticola was significantly 
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Table 4 Batch-wise multiple co-cultures of 1\ denticola and supporting 
periodontal microorganisms in human serum. 
Co-culture combination 
0) control 
1) V^ párvula + ^  miti s 
2) ^ párvula + Р^ micros 
3) ^ párvula + L·^ catenaforme 
4) V^ párvula + S^ miti s + Р^ micros 
5) ^ párvula + S^ mi ti s + Рч acnes 
6) F^ nucleatum + В^ intermedius 
7) ^ párvula + Е^ alactolyticum + Р^ micros + 
P. anaerobius + L. catenaforme + F. nucleatum 
>r .
T. dentico 
cel ls per 



















increased. Growth of T\ denticola was also tested in 10 serum culture 
filtrates of combinations of 3 species. Slight growth of T^ denticola 
(2.10 .mL" ) occurred only in filtrates preconditioned by combinations with 
B^ intermedius and |\ nucleatum. Amino acid analyses before and after 
growth of T^ denticola revealed consumption of tryptophane. Generally, 
growth of T^ denticola led to increased levels of free amino acids. A 
selection of the results is presented in Table 5. Analyses of fermentation 
products showed constant levels of iso-butyrate. 
The simultaneous growth of J\ denticola with B^ intermedius and F^ nucle­
atum was repeated in continuous culture. This was done because low growth 
rates may favour the competitiveness of 1\ denticola. Results are summari­
zed in Table 6. T. denticola grew very well in chemostat in combination 
— 9 
with these organisms. The highest levels recorded were 3.10 spirochetes 
per mL. Numbers of T^ denticola and serum protein degradation followed 
fluctuations of levels of IL intermedius in the first weeks of the run 
while levels of F. nucleatum were constant throughout the whole period. 
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Table 5 Free amino acid levels (mM) in serum culture filtrates of B. 
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denticela (Harwood & Canale 
) were not consumed but showed 
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Table б Growth of T. denticola in continous culture on human serum. 
Supporting organisms are jL fntermedius and £^ nucleatum. 




T. denticola (ml-1) 
F. nucleatum (ml" ) 
B. intermedius (ml" ) 
protein degradation % 






B. intermedius н 




12.7 + 0.4 
(1.8 + 0.4).IO9 
(1.8 + 0.2).IO8 
(2.2 + 0.5).IO9 
41 + 5 
178 + 8.0 
34 + 1.7 
31 + 4.1 
0.5 + 0.1 
cultures ' 





7.1 + 0.8 
(1.7 + 0.2).IO8 
(1.3 + 0.2).IO9 
15 + 5 
65 + 4.2 
16 + 1.1 
13 + 1.8 
1.3 + 0.3 
1) Values are presented from a stable state of the cultures. These 
values ( + S.E.) are means of 3 samples taken with intervals of 2 
days during these stable states. 
Eubacterium nodatum and growth enhancement of T. denticola 
E^ nodatum has been isolated from batch culture enrichments of subgingival 
plaque (ter Steeg et al. 1987; 1989a). It was included in the later stages 
of this study because of its capacity to attack the core of (glyco)proteins 
and its production of iso-butyrate (Table 1). E^ nodatum was found to 
stimulate growth of L· denticola (Table 2). 
Preliminary experiments were performed to identify mechanisms of growth 
stimulation by E^ nodatum. To this end, E^ nodatum (which cannot grow alone 
on serum) was cultured in PY+10% serum. The growth of T\ denticola in 
culture filtrates was recorded (Table 7). Subsequent treatments of E^ 
nodatum culture filtrates revealed that at least a low molecular (<1000 D) 
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Table 7 Growth of Τ\ denticola cultured in culture filtrate (CF) of E^ 
nodatum grown in ΡΥ+10Ϊ human serum. 
Treatments 
8 -1 T. denticola in 10 cells per mL 
Culture filtrate 
0) untreated 8 
1) pH=2, 4h, 370C 5 
2) pH=12, 4h, 370C 5 
3) 110oC, SO'.supernatans 3 
4) dialysis, >8000 D <0.02 
5) ultrafiltration, <1000 D) <0.02 
DCF + UCF 9:1 1 
DCF + UCF 1:1 4 
controls 
human serum (HS) <0.02 
PY medium (Holdeman & Moore 1977) <0.02 
HPY-SC* medium 1.2 
CF + untreated 








1) The culture filtrate of E^ nodatum was treated in different ways. pH of 
resulting fractions was adjusted to 7.0. Heat-inactivated human serum 
did not undergo any further treatment. 
Abbreviations: CF= culture filtrate; HS= Heat-inactivated human serum; 
DCF= dialysed culture filtrate; UCF= ultrafiltrated culture filtrate; 
HPY-SC* medium = tréponème medium (Holdeman & Moore 1977); 
factor was involved, which is resistant to boiling, acid and alkaline 
treatment, and that is essential for the growth of 14 denticola. The high 
molecular fraction (>8000 D) provided an additional stimulatory effect. 
Addition of iso-butyrate (1 rnM.L" ) to the high molecular fraction ( + HS 
serum 1:1) did not give extra growth of T^ denticola. The resistance to 




One of the symptoms of severe periodontitis is an increased flow of serum 
(glyco)proteins as components present in gingival exudate. These conditions 
may favour microbial consortia by providing substrates for growth (ter 
Steeg et al. 1987; 1988; 1989a; 1989b). In an earlier experiment T^ denti-
cola was isolated as a predominant member of a serum degrading consortium 
(ter Steeg et al. 1988). As Т^ denti col a cannot grow on serum alone, its 
growth on serum seems to depend on the actions of accompanying microorga­
nisms. The present experiments were undertaken to Identify bacterial 
interactions involved in growth stimulation of T\ denticola in serum 
cultures. Single periodontal organisms generally lack the enzymatic battery 
of glycosidase and protease activities required to extensively degrade 
complex serum glycoproteins. Previously (ter Steeg et al. 1989b) it was 
demonstrated that amino acid-fermenting organisms like P^ micros and E. 
brachy required the action of (glyco)protein-cleaving species such as jL 
intermedi us or E^ nodatum which made (glyco)proteins accessible as substra­
tes. The present observations suggest that extensive growth of T^ denticola 
in serum can partially be explained by complementary enzyme activities. 
Such activities can be provided by EL intermedius and E_^  nodatum, species 
that can attack the protein-core of serum (glyco)proteins. Furthermore, V^ 
párvula possessed a complementing peptidase pattern. 
These complementary enzyme activities are generally cell-bound (ter Steeg 
et al. 1988; 1989a) Combination of enzyme degradation potential in aggre-
gates may be an adaptation of periodontal organisms to growth on complex 
(glyco) proteins. This may explain why T^ denticola has been found in 
aggregates (ter Steeg et al. 1988; this study) and that the organism once 
separated from complementing organisms virtually cannot grow in serum 
filtrates preconditioned by F^ nucleatum, B. intermedius or E^ nodatum, 
even while the assumed growth factor iso-butyrate (Socransky et al. 1964) 
was present. The experiments using PY + 10% HS supernatant of E^ nodatum, 
indicated that T\ denticola depended on an unidentified low molecular 
growth factor. Iso-butyrate has not been ruled out yet but it is not expec-
ted to limit growth of T^ denticola in vivo as 20 viM isobutyrate suffices 
(Socransky et al. 1964) while levels in crevicular fluid (Botta et al. 
1985) resulting from extensive amino acid fermentation (ter Steeg & van der 
Hoeven 1989a) are considerably higher. 
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Slow growing 1\ denticola is found to be highly competitive in environ-
ments from which over 325 different species (Moore 1987) have been isolated 
and in some serum continuous cultures (ter Steeg et al. 1988). A possible 
explanation for its success is that 1\ denticola is adapted to growth on 
serum (glyco)proteins in polymicrobial anaerobic environments. It possesses 
many catabolic pathways to generate ATP from (glyco)protein degradation: T. 
denticola cataboìizes a variety of amino acids and, in addition, ferments 
carbohydrates via the Embden-Meyerhof pathway (Harwood & Canale-Parola 
1984). It may enhance inflammation by deleteriously effecting connective 
tissues and by various including (chymo-)trypsine-like proteases (Uitto et 
al. 1988). The inflammatory response can lead to an increased availability 
of serum (glyco)proteins, the major source of substrates of T^ denticola 
and of many other periodontal microorganisms. 
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INTRODUCTION 
The initial stages of periodontal disease lead to the formation of an 
unique anaerobic microenvironment, the gingival pocket. Up till now over 
325 species have been isolated from these microenvironments. The variabili-
ty and complexity of these anaerobic microflorae has seriously hampered an 
understanding of the etiology of periodontal disease (Moore 1987). Aim of 
our studies was to identify ecological factors that control the establish-
ment and maintenance of these pathogenic microflora. 
Sites of periodontal disease are suggested to be a significant reservoir 
of clinically infectious agents to other body sites. Similarities in isola-
ted predominant species from severe periodontitis and other mixed anaerobic 
infections (Moore et al. 1982; Hill et al. 1987) suggest that these micro-
environments may share ecological determinants. Available nutrients are a 
major determinant of every ecosystem. The capacity of bacterial species to 
compete for these nutrients will generally determine their success in 
polymicrobial environments. Major substrates in the pocket are likely the 
serum (glyco)proteins in gingival exudate. These serum components may also 
be available as substrates at other body sites. 
ENRICHMENT OF SUBGINGIVAL PLAQUE IN HUMAN SERUM 
Beijerinck (1901) was the pioneer of the enrichment culture. Since then, 
studies on the role of organisms and ecological factors have often employed 
enrichment strategies to identify the role of specific factors for the 
ecosystem. The strategy behind enrichment cultures is to select for bacte-
ria that optimally utilize the available substrates given a set of incuba-
tion conditions. The inoculum has to be chosen from an appropriate habitat. 
In order to identify the role of gingival exudate we choose the close 
substitute human serum as a medium for the periodontal microflora. Inocula 
were subgingival plaque samples. Selection was achieved in a series of 
sequential batch cultures or in continuous culture. The batch culture 
enrichment selected for a group (consortium) of periodontal microorganisms 
which were favoured by anaerobic conditions and non growth-limiting amounts 
of serum. The continuous culture enrichment allowed for selection of a set 
of slow-growing organisms including Treponema denticela and Peptostrepto-
coccus spp. under growth-limiting conditions. Collectively, the enrichments 
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in human serum favoured the selection of species that were associated with 
severe periodontitis and mixed anaerobic infections at other body sites 
(Table 1) (ter Steeg et al. 1987; 1988; 1989a). Similarly, de Jong and van 
der Hoeven (1987) have demonstrated that saliva as host-derived substrate 
was a major ecological determinant of supragingival dental plaque. 
Table 1 Mean percentage and isolation frequency of bacterial species after 
batch and continuous culture enrichments of subgingival plaque in 
human serum. Bacterial associations with severe periodontitis and 










































































Table 2 Preferential glycoprotein degradation by serum-degrading consortia 















































CONCERTED DEGRADATION OF SERUM BY ENRICHED MICROFLORA 
Human serum can be considered as a rich medium. It contains approximately 
40-50 mg.ml" albumin, 20-25 mg.ml" of various glycoproteins and 0.6-1.1 
mg.ml free glucose. Despite this abundance of nutrients, growth of single 
species in human serum in pure culture was generally poor or absent. Indi­
vidual species apparently lack abilities such as: utilization of complex 
(glyco-)proteins; scavenge of iron from proteins; creation of a suitable 
physicochemical environment; elimination of host-defences. All of which 
must be present to allow for growth in serum. In contrast, the concerted 
action of several organisms such as in the enriched periodontal consortia 
resulted in extensive growth and serum degradation. These enrichment cultu­
res reached optical densities at 550 ran of 15-30 or app. 10 CFU.ml" . 
About 90 % of the carbohydrates and 30 % of the available protein were 
consumed. Growth was likely arrested by accumulation of toxic fermentation 
products such as sulfide and ammonia. 
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Serum glycoproteins are degraded by exoglycosidase and protease activi­
ties. The enriched consortia, though differing in microbial composition, 
possess similar sets of these enzyme activities as the individual species 
possess different and overlapping patterns of enzyme complementation. In­
terestingly, the total enzyme pattern has been associated with periodontal 
disease and several enzymatic activities are used as markers of the state 
of disease by other investigators. These markers of disease activity may, 
in fact, reflect serum degrading potential of the pathogenic microflora. 
Another interesting observation was that these consortia seem to prefer­
entially degrade serum glycoproteins rather than proteins. Albumin, a 
genuin protein, was utilized less than various glycoproteins listed (Table 
2). Carbohydrates are favoured substrates in mixed anaerobic fermentation 
processes (Breure 1986) but this preferential degradation of glycoproteins 
could also be related to their functions. For example, cleavage of 
immunoglobulins will eliminate host-defence mechanisms whereas degradation 
of haptoglobin or transferrin can provide iron and a.-antitrypsin breakdown 
may enhance proteolysis, (ter Steeg et al. 1987; 1988; 1989a) 
NICHE CHARACTERIZATION WITHIN SERUM DEGRADING CONSORTIA 
In the above experiments it appeared that consortia but not single 
species, could grow on serum at the expense of serum (glyco)proteins. 
Sofar, the organization of these consortia and the mechanisms of how con­
sortium members interacted remained largely obscure. As a first step to 
unravel the consortium structure the succession of species during growth of 
subgingival plaque organisms in a batch culture enrichment was monitored. 
The following sequence of serum (glycoprotein) degradation was observed: 1) 
Consumption of free glucose and carbohydrate side-chains of glycoproteins; 
2) Protein-core attack; 3) (Poly-)peptide hydrolysis and amino acid fermen­
tation. The succession of species revealed that B^ adolescentis grew very 
rapidly in stage 1. Its growth coincided with that of an organism removing 
sialic acid, B^ oralis or Streptococcus spp., resulting in complete removal 
of carbohydrate side-chains of glycoproteins. Protein-core attack was 
associated with JL oralis or B^ intermedi us and to a lesser extent E^ 
nodatum. The third stadium was dominated by [\ micros. The accumulation of 
higher and branched fatty acids and production of δ-aminovaleric acid 
showed that coupled oxidative and reductive amino acid deaminations were 
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the major energy yielding (Stickland) reactions. Asaccharolytic species 
such as E^ brachy and F^ nucleatum were also associated with this stage of 
glycoprotein breakdown. Secondary utilization of metabole products took 
place. E.g., lactic acid produced by EL adolescentis or another saccharo-
lytic specialist E^ saburreum was consumed, probably by V^ párvula, which 
can also utilize succinic acid produced by Baeteroides spp. These associa-
tions of bacterial species with particular stages of glycoprotein breakdown 
may give clues of their in vivo ecological niches (ter Steeg & van der 
Hoeven 1989a). 
KEY-ROLE OF IMMUNOGLOBULIN G CLEAVERS IN RECONSTITUTED CONSORTIA 
Bacterial interdependencies within serum-degrading consortia can be 
manyfold. In the present study (ter Steeg et al. 1989b), we have looked at 
synergistic relations by complementary enzyme activities involved in serum 
utilization. As glycoproteins were the preferential substrates, IgG, the 
major representative of these class in serum, was selected as model for 
glycoprotein degradation. 
The experimental approach is briefly summarized in Fig. 1. 30 strains from 
25 species originating from the above serum enrichment cultures were 
screened for IgG protease activity. EL oralis, E^ nodatum and EL intermedi-
us were the only species capable of IgG cleavage and further degradation 
of the Fc fragment as revealed by immuno-electrophoresis. Besides, they 
were also capable of attacking various other serum proteins. This 
observation fitted well with their association with protein-core attack. 
Subsequent recombinations experiments established the key-role of these 
organisms in synergistic associations: Substantial growth of carbohydrate 
utilizing combination EL adolescentis and iL sanguis II or peptide and 
amino acid fermenting specialists such as P^  micros, E^ brachy and F. 
nucleatum did only occur if one of the above cleaving organisms was inclu-
ded in the consortium.For example, adding EL oralis to the combination of 
these species gave an additional growth of 7.1 (0D550) and 12% of IgG, 21% 
of IgA and 16% of the serum proteins were consumed contrasting with the 0% 
consumption without cleaver. A cleaving organism plus amino acid fermenting 
specialist fL micros gave already complete IgG cleavage, substantial growth 
and protein degradation. 
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Fig.l Experimental approach of the search for bacterial synergistic 
interactions in IgG degradation and growth in serum. 
Association of species with stages of serum 
glycoprotein breakdown during enrichments 
+ 
Screening of isolates on IgG protease 
activity, growth in serum, etc. 
t 
Identification of functions in IgG or glycoprotein degradation: 
Bacterial functions: 
a) Removal of carbohydrate side-chains: 
Bifidobacterium adolescentis and Streptococcus spp. 
b) Cleavage of IgG into Fc and Fab, protein-core attack: 
Васteroides oralis, В^ intermedi us and Eubacterium nodatum 
c) Peptide hydrolysis and amino acid fermentation: 
Peptostreptococcus micros, E^ brachy, Fusobacterium nucleatum 
t 
Recombination experiments in serum 
Parameters of the success of tested combinations: 
Growth in serum; IgG cleavage; IgG and IgA consumption; 
Hexoses, sialic acid and protein degradation; 
Examples of recombinations: 
Function a: 
B^ adolescentis + Streptococcus sp. 
Function b + c: 
(B. o r a l i s or E^ nodatum or B^ intermedius) + j \ micros 
Function a + c: 
(B. adolescentis + S^ sp.) + (P^ micros + E^ brachy + F^ nucleatum) 
t 
Identification of bacterial key-functions in serum degrading consortia 
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In this study the serum complement system was heat-inactivated in order 
to eliminate interference between serum as a bactericide and as a sub-
strate. It is noted however that the use of native serum did not influence 
the microflorae in batch-wise or continuous culture enrichments, once a 
climax population had developed. Apparently the enriched microflorae 
possess mechanisms to evade or even 'consume' host-defence factors. These 
mechanisms may also operate under natural conditions and offer protection 
of the consortia. Attack of IgG may be one of the mechanisms involved. 
Removal of carbohydrate side-chains or cleavage of IgG will eliminate 
host-defence associated with the Fc-binding part like complement activa-
tion, binding to Fc receptors of macrophages and the induction of antibody 
dependent cellular toxicity. The combination jL intermedius and j\ micros 
may possess an additional mechanism. They consumed the Fc part of IgG while 
the Fab part remained intact. Coating of bacteria by released intact Fab 
fragments binding to surface epitopes will block access of intact antibody 
molecules and accordingly offer protection against host-defence. 
CONCLUSIONS 
Serum-degrading consortia consisting of Peptostreptococcus, Eubacterium, 
Bacteroides, Fusobacterium and other species are associated with severe 
periodontitis. These consortia preferentially degrade serum glycoproteins. 
Available evidence suggested that IgG- or protein-cleaving organisms play a 
key-role in these consortia, probably, because they make the protein-core 
of immunoglobulins and other glycoproteins accessible as substrate for 
peptide hydrolysing and amino acid fermenting organisms. Often studies on 
the role of microorganisms in infections are restricted to identification 
of virulence factors of putative pathogenic species. Our understanding may 
benefit by adopting a holistic perspective of the nature of the infections, 
and including factors such as bacterial interactions and the ecological 
importance of host-derived substrates, in these studies. 
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SUMMARY 
The initial stages of periodontal disease lead to the formation of the 
gingival pocket. These pockets are populated by over 325 mainly anaerobic 
bacterial species. The variability and complexity of these subgingival 
microbial communities have seriously hampered an understanding of the 
etiology of periodontal disease. Aim of this dissertation was to identify 
ecological factors that control the establishment and maintenance of these 
pathogenic microflora. 
Chapter 1 deals briefly with the formation of gingival pockets and which 
bacterial species are associated with periodontitis. It introduces the 
ecological determinants of subgingival plaque. Human serum as a substitute 
for the major ecological factor substrate (gingival exudate) can be inves-
tigated in enrichment cultures, a useful strategy in microbial ecology. 
Subgingival plaque metabolism is shown to have many parallels with other 
anaerobic fermentation processes. Serum glycoproteins like other biopoly-
mers have to be hydrolyzed prior to the acidogenesis of carbohydrates and 
amino acids. The amount of carbohydrates is limited in human serum. Accord-
ingly, coupled oxidative and reductive deaminations of amino acids likely 
are important energy generating reactions in subgingival plaque metabolism. 
Chapter 2 describes the first batch culture enrichments of subgingival 
plaque on native human serum leading to the reproducible isolation of serum 
degrading consortia associated with severe periodontitis. Dominant species 
were Peptostreptococcus micros, Eubacterium brachy, Eubacterium nodatum, 
Lactobacillus catenaforme, Bacteroides intermedius, Fusobacterium nucleatum 
and Streptococcus sanguis II/I, in decreasing order of quantitative impor-
tance. These consortia were shown to possess four types of selective glyco-
protein degradation mechanism. Partial degradation of glycoproteins was 
generally observed after 48 h of growth. After a prolonged period of growth 
complete degradation of immunoglobulins, haptoglobin, transferrin and 
complement C3c was found. IgG protease activity yielded cleavage into Fc 
and Fab fragments. The altered electrophoretic mobility of the serum glyco-
proteins indicated consumption of carbohydrate side-chains. 
Chapter 3 shows that enrichments of subgingival plaque in continuous 
culture (D= 0.08-0.01.h~ ) on serum mimicked conditions in gingival po-
ckets. Even, the indicator organism of severe periodontitis Treponema 
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denti col a was accumulated. Several organisms were also isolated after batch 
culture enrichments. In addition, Peptostreptococcus anaerobius, Eubacte-
rium alactolyticum, Veillonella párvula and Streptococcus spp. were fre-
quently found. The cultures produced a wide variety of mainly cell-bound 
hydrolytic enzymes which have been associated with periodontal disease. 
Preferential degradation of carbohydrates and similar mechanisms of serum-
glycoprotein breakdown as in batch-culture enrichments were observed. 
Acetic, butyric, and propionic acids were the major products of metabolism 
suggesting heterolactic fermentation and amino acid catabollsm. These 
products are typical of the acldogenesis in anaerobic fermentation. 
Chapter 4 describes two studies of succession of species linked to meta-
bolic processes during batch enrichment growth. Three growth phases could 
be distinguished. First, carbohydrate consumption by rapidly growing 
saccharolytic bacteria such as Eubacterlum saburreum or Bifidobacterium 
adolescentis and Streptococcus spp. leading to lactic and formic a d d 
production. The major process of the second phase was protein-core attack 
by Bacteroides oralis or jL intermedius. Some amino acid-fermentation took 
place, remaining carbohydrates were used and lactic and formic acids were 
consumed. Other dominating organisms were V^ párvula, Eubacterlum spp. and 
F^ nucleatum. The third phase was characterized by progressive protein-
degradation and extensive amino acid-fermentation by the predominant 
species P^ micros and E^ brachy. The production of δ-aminovaleric acid and 
other higher and branched fatty acids suggested the occurrence of Stickland 
reactions. Toxic products such as sulphide, ammonia, butyric acid accumu­
lated. P^ micros possessed the widest range of peptidase activities fitting 
well with specialization in amino acid-degradation. The association of 
serum-degrading consortia with severe periodontitis is discussed. 
Chapter 5 deals with the identification which role separate organisms 
have in consortia in serum degradation. Isolates from consortia were tested 
for their ability to degrade immunoglobulin G, the major glycoprotein in 
serum. From the variety of species tested, only B^ intermedius, (L oralis 
and E^ nodatum were capable of IgG cleavage. Reconstitutions of consortia 
showed that without "cleavers", combinations of saccharolytic specialists 
such as B^ adolescentis and S^ sanguis II and/or of (poly-)peptide and 
amino acid fermenting specialists such as F\ micros and E^ brachy were 
incapable of extensive growth on serum and immunoglobulin G and A consump­
tion. Protein-cleaving organisms make glycoproteins accessible as substrate 
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to other members of these consortia. Furthermore, these IgG-cleavers may 
also enhance growth of others by elimination of host-defences in vivo. 
Chapter 6 deals with 1\ denticola, the indicator organism of severe 
periodontitis. Its growth in serum is dependent on bacterial interactions. 
Attempts are shown to identify these interactions. Organisms were screened 
in serum co-cultures for growth enhancement of T^ denticola and its growth 
was also tested in culture filtrates. Protein-core attacking B^ intermedius 
and E^ nodatum or V^ párvula possessing a complementing peptidase pattern 
were found to stimulate growth of 1\ denticola. In addition, E^ nodatum was 
found to possess a low-molecular heat-stable and acid and alkaline resis-
tant growth-factor. F^ nucleatum possessed growth enhancing activity of a 
yet unknown nature. A continuous co-culture of 1\ denticola, F. nucleatum 
and B^ intermedius gave high levels of T^ denticola, up to 3.10 per mL. 
The association of T^ denticola with periodontitis can be understood from 
its competitive abilities to benefit from the increased availability of 
glycoproteins in gingival exudate, enzyme complementation and other actions 
supplemented by other microorganisms of a serum-degrading consortium. 
Chapter 7 can be read as a summary of the chapters 2-5. It shows a 
scheme of the experimental strategy. The isolation frequencies of species 
obtained from the batch- and continuous culture enrichments are presented. 
Most of these species are shown to be associated with severe periodontitis 
and other mixed anaerobic infections. 
The results of this dissertation show that a holistic approach can lead 
to better understanding of mixed anaerobic infections like severe periodon-
titis. Studies on the role of micro-organisms in infections should not 
ignore factors such as bacterial interactions and the ecological importance 
of host-derived substrates. Awareness of the microbial consortium-infection 
concept will enhance clinical microbiology. 
In future studies parameters of the enrichment models can be altered like 
addition of 07, other substrates or microbial samples, which may lead to an 
extension of the scope to other infections. Another contribution is that 
these in vitro models, mimicking conditions in polymicrobial infections, 
can be employed in testing antimicrobial agents. For example, testing an 
antibiotic regime on a polymicrobial consortium in a continuous enrichment 
model seems clearly more relevant than performing tests on bacterial 
species deprived from their natural interactions and substrates. 
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SAMENVATTING 
De eerste stadia van paradontitis leiden tot het ontstaan van gingivale 
pockets. Deze pockets worden bevolkt door meer dan 325 hoofdzakelijk 
anaerobe bacteriesoorten. De variabiliteit en complexiteit van deze subgin-
givale microbiële gemeenschappen vormen een enorme barrière voor het 
begrijpen van de etiologie van paradontitis. Doel van dit proefschrift was 
ecologische factoren te identificeren die de vestiging en handhaving van 
deze pathogène microflorae sturen. 
In hoofdstuk 1 wordt summier het ontstaan van pockets en welke bacteriële 
species betrokken lijken te zijn bij paradontitis beschreven. Verder wordt 
verteld welke ecologische factoren invloed hebben op subgingivale tand-
plaque, waarbij het accent op de factor substraat (gingivaal exudaat) ligt. 
Deze factor kan onderzocht worden in ophopingscultures, een bekende strate-
gie uit de microbiële ecologie. 
Verder heeft het metabolisme van subgingivale tandplaque veel overeenkom-
sten met andere anaerobe gistingsprocessen. Serum-glycoproteTnen moeten 
namelijk net als andere biopolymeren eerst gehydrolyseerd worden, waarna in 
de acidogenesis de vrije koolhydraten en aminozuren worden gebruikt. 
Gedurende deze fase betrekken subgingivale bacterTen hun energie in belang-
rijke mate uit gekoppelde oxidatieve en reductïeve deamineringsreacties van 
aminozuren. 
Hoofdstuk 2 behandelt de eerste batch-ophopingsexperimenten in humaan 
serum. Deze leidden tot de reproduceerbare isolatie van serum afbrekende 
consortia. Dominante soorten in de consortia waren Peptostreptococcus 
micros, Eubacterium brachy, Eubacterium nodatum, Lactobacillus catenaforme, 
Bacteroides intermedius, Fusobacterium nucleatum en Streptococcus sanguis 
II/I, in afnemende volgorde van aantal. Een aantal van deze soorten wordt 
geïssocieerd met ernstige paradontitis. De consortia bezaten vier soorten 
mechanismen om serum-glycoproteTnen af te breken. 1) Partiële afbraak van 
glycoproteTnen was een algemeen verschijnsel na 48 uur van groei. 2) Volle-
dige afbraak van glycoproteTnen, zoals immunoglobuHnes, haptoglobine, 
transferrine en complement C3c, werd pas na verlenging van de groeiperiode 
gevonden. 3) Activiteit van IgG-proteases leidde tot splitsing van IgG in 
Fe en Fab fragmenten. 4) De gewijzigde electrophoretische mobiliteit van de 
glycoproteTnen wees op consumptie van hun koolhydraatzijketens. 
Hoofdstuk 3 laat zien dat ophoping van subgingivale plaque in continu 
culture (D= 0.08-0.10.h" ) op humaan serum de condities in gingivale 
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pockets goed benaderde. Het indicator organisme van ernstige paradontitis, 
Treponema denticola, werd zelfs geïsoleerd. Verscheidene soorten werden al 
aangetroffen na ophopingen in batch-culture. Tevens werden ook Peptostrep-
tococcus anaerobius, Eubacterium alactolyticum, Veillonella párvula en 
Streptococcus soorten gevonden. De ophopingscultures bezaten een breed 
spectrum van hoofdzakelijk celgebonden hydrolytische enzymen, die worden 
geassocieerd met paradontale aandoeningen. De manieren van afbraak van 
serum glycoproteïnen vertoonden veel overeenkomsten met de eerdere batch 
experimenten. Andere kenmerken van anaerobe gisting waren dat koolhydraten 
bij voorkeur geconsumeerd werden en dat de belangrijkste metabole producten 
azijn-, boter- en propionzuur waren. Deze producten wijzen op heterolacti-
sche fermentatie en aminozuur-catabolisme en zijn typerend voor de acido-
gene fase. 
In hoofdstuk 4 wordt de successie van bacteriesoorten gekoppeld aan de 
metabole processen in twee batch-ophopingen. Drie groeifases konden worden 
onderscheiden. Eerst werden de koolhydraten geconsumeerd door snel groeien-
de saccharolytische bacteriën zoals Eubacterium saburreum of Bifidobacte-
rium adolescentis en Streptococcus species, waarbij melkzuur en mierezuur 
werd gevormd. In de tweede fase was het belangrijkste proces de aanval op 
de eiwitkern, uitgevoerd door Bacteroides oralis of B^ intermedius. Fermen-
tatie van aminozuren kwam op gang en het resterende koolhydraat werd 
geconsumeerd, Melkzuur en mierezuur verdwenen, V^ párvula, Eubacterium 
species en F^ nucleatum behoorden ook bij de dominante microflora. De derde 
fase werd gekenmerkt door voortschrijdende eiwitafbraak en aminozuur 
fermentatie. De belangrijkste betrokken soorten waren P^ micros en E. 
brachy. De productie van б-aminovaleriaanzuur en andere hogere en vertakte 
vetzuren wees op het optreden van Sticklandreacties. Giftige fermentatie-
producten zoals sulfide, boterzuur en ammonia hoopten zich op. 
Van een aantal soorten werden de glycosidase- en peptidase-activiteiten 
bepaald. P^  micros bezat het grootste scala aan peptidase-activiteiten. 
Deze soort is dan ook gespecialiseerd in de hydrolyse van peptides en de 
fermentatie van aminozuren. Bij paradontitis lijken j\ micros en andere 
soorten uit serum-afbrekende consortia betrokken te zijn. 
Hoofdstuk 5 laat zien welke rol individuele soorten kunnen bezitten in 
serum afbrekende consortia. Isolaten afkomstig van consortia werden getest 
op afbraakvermogen voor Immunoglobuline G, het belangrijkste glycoproteTne 
in serum. Alleen B^ intermedius, B^ oralis en Е^ nodatum bleken IgG te 
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klieven. Reconstituties van consortia toonden аал dat combinaties van 
saccharolytische specialisten zoals B^ adolescentis en S^ sanguis II met/of 
{poly-)peptide afbrekende en aminozuur vergistende experts zoals P^ micros 
en E^ brachy, zonder klievers niet in staat waren hoge dichtheden te 
bereiken in serum noch Immunoglobuline G en A op te eten. De sleutelrol van 
eiwitklievende organismen is dat zij glycoproteTnen als substraat toegan­
kelijk maken voor consortiumgenoten. In vivo kunnen deze IgG-klievers de 
groei van andere soorten stimuleren doordat zij onderdelen van de gastheer-
afweer uitschakelen. 
Hoofdstuk 6 gaat over T^ denticola, het indicator organisme van ernstige 
paradontitis. Haar groei op serum is afhankelijk van andere bacterTen. 
Getracht werd een aantal bacterTen en hun respectieve mechanismen van groei 
stimulatie van T^ denticola te identificeren. Voor dit doel werden organis­
men gescreend in serum co-cultures op groei bevordering van T^ denticola. 
Ook werd haar groei getest in cuituurfiltraten. Vier bacteriesoorten bleken 
de groei van 14 denticola te stimuleren. Mogelijke mechanismen waren: een 
complementerend peptidase patroon van V^ párvula; de aanval op de eiwitkern 
door EL intermedius of Е^ nodatum; de productie van een laag-moleculaire 
groeifactor (resistent tegen hitte-, zuur- en base-behandeling) door E^ 
nodatum; F. nucleatum stimuleerde de groei van 14 denticola op onbekende 
wijze. In continue co-culture met F^ nucleatum en B^ intermedius werden 
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zeer hoge dichtheden van 1\ denticola, tot 3.10 per mL, bereikt. 
De associatie van Т\ denticola met ernstige paradontitis zou verklaard 
kunnen worden door haar competitieve vermogens. Het organisme lijkt goed 
uitgerust om te profiteren van de toegenomen beschikbaarheid van gingivaal 
exudaat, enzyme-complementatie en andere acties verricht door micro-orga­
nismen uit een serum afbrekend consortium. 
Hoofdstuk 7 is een samenvatting van de hoofdstukken 2-5. In een schema 
wordt de gevolgde experimentele strategie samengevat. De verkregen isola­
tiefrequenties van bacteriesoorten uit alle ophopingsexperimenten worden 
gegeven. Deze soorten blijken bijna allemaal met ernstige paradontitis en 
andere anaerobe menginfecties te worden geassocieerd. 
De in dit proefschrift beschreven resultaten laten zien dat door een 
holistische aanpak belangrijk ecologisch inzicht in menginfecties is 
verkregen. In toekomstig onderzoek naar de rol van micro-organismen in 
infectie mag dan ook de betekenis van de factoren bacteriële interactie en 
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gastheersubstraat niet meer onderschat worden. Meer oog voor het bestaan 
van microbiële samenwerkingsverbanden in infectie zal bijdragen aan de 
ontwikkeling van de klinische microbiologie. 
Onze ophopingsmodellen kunnen mogelijk door veranderingen in parameters, 
zoals CL, substraat- en inoculumkeuze, leiden tot uitbreiding van de scoop 
tot andere infecties. Een andere optie is dat dergelijke in vitro modellen 
van polymicrobiële infecties gebruikt kunnen worden om antibacteriële 
middelen in uit te testen. Het uittesten van een antibacteriëel regime op 
een polymicrobiëel consortium in een continu culture ophopingsmodel staat 
dichter bij de werkelijkheid dan het uitvoeren van tests op bacteriesoorten 
die beroofd zijn van hun natuurlijke interacties en substraten, 
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Stellingen behorende bij het proefschrift Synergistic growth of oral human 
anaerobic microflora 
1. De consortium-hypothese biedt een compromis voor aanhangers van de 
Specifieke en Niet-specifieke Plaque Hypothese maar bovenal een weten-
schappelijk model/kader voor de etiologie van parodontitis. 
2. De medische microbiologie kan baat hebben bij een meer holistische 
benadering als alternatief voor de traditionele benadering volgens 
Robert Koch. 
3. De veronderstelling van J. Carlsson et al. (Journal of Medical Micro-
biology 18: 39-46, 1985) dat bacteriën in menginfecties het albumine 
zouden afbreken met als doel competitie met dit eiwit om het beschik-
bare haem te vermijden, is onwaarschijnlijk. (Dit proefschrift) 
4. Peptostreptococcus micros en Treponema denticola worden uitsluitend in 
menginfecties aangetroffen aangezien ze niet in staat zijn zich in de 
gastheer te handhaven zonder andere micro-organismen. 
5. Het aantreffen van Actinobacillus actinomycetemcomitans bij kinderen 
heeft geen indicatieve waarde voor het optreden van juveniele paradon-
titis. (E.A. Sweeney et al. (1987). Oral Microbiology and Immunology 
2:65-70; J. Slots et al. pp.132-140. In: S. Guggenheim (ed.), Periodon-
tology Today, S. Karger, Basel, 1988) 
6. De habitus van medisch personeel en zelfs studenten om ook buiten 
operatie- en behandelkamers met mondkapjes, handschoenen, etc., rond te 
wandelen dient uit oogpunt van containment bestreden te worden. 
7. Microbiologen (m/v), die ontvankelijk zijn voor bijvoorbeeld het 
colony-appeal van hun pet-bugs, kunnen aan verminderde objectiviteit 
gaan lijden. Een preventief advies is dan ook monogaam bacteriofiele 
relaties te vermijden, tenzij er ook nog ruimte wordt gevonden voor 
veel wisselende contacten. 
В» Het leven is mogelijk absurd. Gelukkig hoeft men zich daar niets van 
aan te trekken. 
9. Het politiek taalgebruik is dubbelschom'ger geworden in de afgelopen 
jaren, met name dat van de heer Lubbers. 
10. Men verplichte zich drukkende hondebezitters tevens de poep te 
be-zitten. 
Pieter ter Steeg, Nijmegen, 16 mei 1989 


